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ABSTRACT
Situated in the foreland Bengal Basin, the Ganges-Brahmaputra river delta is one of the 
largest fluviodeltaic systems in die world, comprising -100,000 km2 of floodplain and 
delta plain environments and a 40,000 km2 subaqueous delta on the shelf. Sediment load of 
the Ganges and Brahmaputra rivers is 109 t/yr combined, and seasonal flooding may 
inundate >70% of the delta during large flood events. Active tectonic processes have 
resulted in both uplift and subsidence in this structurally complex region. These general 
characteristics suggest that the Ganges-Brahmaputra river delta represents a heretofore 
undescribed deltaic end-member, forming along a high-yield, high-energy, tectonically 
active margin. To investigate this view, stratigraphic, sedimentologic, and geochronologic 
data have been collected throughout the delta. Using this database, the processes, controls, 
and development of the system are evaluated over different spatial and temporal scales in 
the Late Quaternary.
Results from a century-scale sediment accretion study using radioisotope 
geochronology indicate that -30% of fluvial sediment load is sequestered to the delta and 
not reaching the coastal ocean as previously assumed. Most of this material is stored in 
along the active river channels and Sylhet Basin. A Holocene sediment budget generated 
from radiocarbon-dated stratigraphy also reveals -30% of sediment discharge was 
sequestered to the delta during this time. Considered with offshore data, these sediment 
budgets indicate contemporaneous highstand strata formation across floodplain, shelf, and 
deep-sea depocenters. Radiocarbon-dated stratigraphy was also used to reconstruct the Late 
Quaternary history of delta formation. Growth of the Ganges-Brahmaputra delta began 
-10,000-11,000 cal yr BP, notably 2000-3000 years prior to most of the world’s deltas. 
During subsequent rapid sea-level rise, the immense sediment discharge was sufficient to 
maintain relative shoreline stability while most margin systems experienced major 
transgression. The delta entered its highstand phase of progradation by 7000 cal yr BP, 
forming a subaqueous delta on the shelf. Trapping of Brahmaputra sediment to the inland 
Sylhet Basin at this time hindered deltaic growth in the east. Offset of radiocarbon dates 
from eustatic sea level indicate 2-4 mm/yr of subsidence in the Sylhet Basin and other 
areas, suggesting tectonic control on deltaic sediment trapping and sequence formation. 
Shallow vibracore stratigraphy from the delta reveals a cap of muddy sediments overlying 
largely sandy material, reflecting differences in preservation between floodplain and 
channel deposits. Over longer time frames, muddy floodplain sediments are eroded through 
channel migration and avulsion, thus preferentially preserving channel sands. Although this 
process occurs in most delta systems, the coarse sediment load and active channel mobility 
of the Ganges and Brahmaputra rivers results in a high channel/floodplain deposit ratio. 
Overall, findings of this study support the notion that the Ganges-Brahmaputra river delta 
is significantly different from other described systems. Furthermore, the role of tectonics in 
controlling deltaic processes and product implies a fundamental distinction for deltas 
forming along active margins.
ix
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INTRODUCTION
River deltas are among the most heavily studied coastal systems in the world, notably 
because many are major population centers and hydrocarbon resources (Morgan, 1970). 
Deltas are also relatively fragile and unstable coastal systems, and thus one of the most 
heavily impacted by human activities (Milliman et al., 1989). In river catchment basins, 
deforestation and damming conversely affect sediment input to the delta system. Notable 
examples include the Huanghe delta of China which has prograded rapidly over the past 
>100 years (except recently) due to erosion of cultivated loess plateaus (van Gelder et al., 
1994) and the Nile delta which is experiencing extensive shoreline retreat because of 
sediment cutoff by the High Aswan Dam (Stanley and Warne, 1993). Other local human 
activities affect deltas, such as groundwater withdrawal and flood-control works along the 
coast and lower river. Impacts, including coastal subsidence, exacerbated flooding, land 
loss, and saltwater intrusion, have significantly affected the Mississippi and Chao Phrya 
deltas, among other systems (Kesel, 1988; Milliman et al., 1989).
Deltas also serve as the major gateway for flux of dissolved and particulate terrigenous 
material to the coastal ocean (Meade, 1996). In this role, deltas may affect carbon cycling, 
shoreline development, and biological productivity, as well as have longer-term control on 
shelf deposition, margin growth, and deep-sea sedimentation. As major components of 
continental shelf sequences, deltaic deposits are widely described from the rock record 
(Morgan, 1970). In general, though, current understanding and models of delta systems 
are biased towards passive margin settings where many of these issues were first 
recognized. More recent attention on active-margin systems has indicated fundamental 
differences in geologic process, control, and stratigraphy. These differences need to be
2
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3reconciled and placed within context of existing delta models, providing a more complete 
view of these systems. A refined understanding of response to environmental change for all 
delta settings will help contribute to rational solutions for the geohazards currently facing 
many systems.
Among the world’s active-margin deltas, the Ganges-Brahmaputra (G-B) is the largest 
and most heavily populated, supporting over 120 million people in Bangladesh and 
surrounding parts of India. The region continually faces a variety of natural hazards, such 
as riverbank erosion, widespread flooding, storm surges, subsidence, and saltwater 
intrusion. Furthermore, engineering solutions are being implemented to remedy many of 
these problems, but without a clear understanding of even basic river delta behavior 
(Hughes et al., 1994). Most recently, another serious hazard was discovered with detection 
of widespread, harmful levels of arsenic in G-B groundwater. This problem has been 
identified as geologic in nature, but the source, chemistry, and distribution of contaminated 
groundwater remain unknown.
In this study, findings from a reconnaisance-scale geologic investigation of the G-B 
river delta are reported. Stratigraphic, sedimentologic, and geochronolgic data have been 
used to evaluate modem floodplain processes, long- and short-term sediment dispersal, and 
Late Quaternary development of the G-B delta system. While it is not the specific intention 
of this research to address the environmental issues discussed above, given the strong link 
between geology and human interests in the G-B delta, direct implications of this research 
are evident and can hopefully be applied toward sensible planning and solution 
implementation in the future.
This dissertation is written and organized in manuscript format, where each chapter is 
designed to stand as complete individual paper. Arranged in four subsequent chapters, the 
following objectives are addressed:
1) determine rates, patterns, and processes of floodplain accumulation in the 
modem G-B system;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
42) determine volume of fluvial sediment sequestered to the lower floodplain and 
subaerial delta during the Holocene and, with the addition of offshore data, 
calculate a first-order sediment budget for the river system;
3) determine stratigraphy, controls, and development of the G-B floodplain and 
delta system during the Late Quaternary and compare with existing deltaic 
models;
4) describe Late Holocene fluvial, floodplain, and delta plain facies, place in 
context of recent delta development, and compare with models of fluvial 
stratigraphy.
Chapter 1 details the application of I37Cs and 210Pb radioisotope geochronology to 
investigate floodplain processes and sediment accretion in the Bengal Basin. In the study, a 
recently described inventory approach for floodplains is modified based on the findings of 
this research in order to address heterogeneity in the G-B system. In Chapter 2, various 
sources of stratigraphic and chronologic data are used to delineate Holocene sediment fill in 
the G-B delta. Results are integrated with those of Chapter I and other studies to establish 
modem and Holocene sediment budgets for the system. Chapter 3 discusses the 
stratigraphy and sedimentology of 10 boreholes collected from the G-B delta. Facies 
relationships and correlations are described for this data and used in conjunction with the 
results of other studies to reconstruct Late Quaternary development of the G-B delta 
system. In Chapter 4, modem and recent deltaic facies are described as recognized from a 
vibracore survey of the shallow stratigraphy. Findings are used to evaluate recent delta 
evolution, and comparisons are made with other modem delta systems and the longer-term 
stratigraphy presented in Chapter 3.
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CHAPTER 1
Floodplain Processes in the Bengal Basin and the Storage of Ganges-Brahmaputra River 
Sediment: An Accretion Study Using l37Cs and 2l0Pb Geochronology
Abstract
Floodplain deposits are recognized as potentially large sinks for fluvial sediments, yet 
spatial and temporal patterns of accumulation are not known for many river systems. In the 
tectonically active Bengal Basin, the Ganges and Brahmaputra rivers coalesce and have 
formed a large floodplain/delta complex, where widespread overbank flooding may deposit 
a significant portion of the river’s estimated sediment discharge. To investigate the 
magnitude and distribution of this process, accumulation rates were determined by I37Cs 
and 2I0Pb radioisotope geochronology at 60 sites located in three regions of the Bengal 
Basin differing in age, physiography, and river influence. These geochronological methods 
have been applied to floodplain environments in only a few recent studies, and the present 
research offers a revised approach for heterogeneous systems.
Patterns of sediment deposition in the Bengal Basin reveal three dominant controls on
floodplain accretion: channel processes, overbank flooding, and surface runoff. Accretion
is most rapid in the river braidbelt and adjacent floodplain, decreasing rapidly with distance
from the main channel. Accumulation rates increase again in low-lying distal basins, where
several meters of annual precipitation and associated runoff rework surrounding floodplain
surfaces and transport remobilized sediments to local catchments. The extent and
magnitude of this process indicate its comparable importance with overbank deposition for
floodplain accumulation. A sediment budget for the study area reveals that at least 15% of
6
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7the estimated 1 billion tonnes of fluvial sediment discharge is stored annually and not 
reaching the oceans as previously assumed. Extrapolated to the remaining ~ 60,000 km2 of 
floodplain not covered in this project, the sequestered load could rise to >30% of annual 
sediment discharge.
Introduction
210Pb radioisotope geochronology has been widely applied in aquatic and wetland 
environments where relatively constant grain size and ‘steady-state’ nuclide fluxes 
generally satisfy inherent assumptions (Appleby and Oldfield, 1978). Similarly, fallout 
,37Cs has been broadly used to investigate erosion and deposition in terrestrial, wetland, 
and aquatic systems (DeLaune et al., 1978; Ritchie and McHenry; 1990), often in 
conjunction with 2,0Pb in the latter two settings. However, general assumptions of 
homogeneity and ‘steady-state’ conditions are rarely met in fluvial systems, where 
temporal, spatial, and textural patterns of deposition can change over small scales. For 
example, particle-sorbed radionuclide flux in fluvial systems is often episodic because of 
sharp seasonal and interannual variability in overbank flooding. Spatial patterns in flux may 
change considerably because of channel migration or avulsion. Further, the initial 
distribution of atmospheric fallout may not be uniform due to variations in runoff and 
rainshadowing. In some systems, spatial variability in local input is as high as 40% (e.g., 
Wallbrink et al., 1994; Sutherland, 1994). Changes in grain size also introduce significant 
variation in nuclide activity because of preferential sorption to finer-grained particles 
(Francis and Brinkley, 1976; Cremers et al., 1988). Together, these characteristics of 
fluvial systems often lead to a complex environment in which radioisotope geochronology 
may be difficult to apply.
Recently, D.E. Walling and others have successfully used l37Cs, and subsequently 
2l0Pb, geochronology to investigate accumulation rates for small portions of riverine
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8floodplain in the UK (e.g., Walling et al., 1992; He and Walling, 1996a; Walling and He, 
1997). Their approach recognizes that total l37Cs and unsupported 210Pb (^“Pbu) 
inventories (dpm/cm2) are derived from two sources, atmospheric fallout and catchment- 
derived input The atmospheric fallout component can be subtracted from whole-core 
nuclide inventories to yield catchment-derived input. Since this fraction of the nuclides is 
sediment bound, the accumulated inventory reflects time-averaged accretion. These studies 
demonstrate that 137Cs and 2I0Pb radioisotope geochronologies can be viable methods for 
determining recent (-  40-100 yr) rates of floodplain accumulation. However, it remains 
whether these methods may be successfully applied over larger areas in other systems. The 
detailed core analysis at the UK sites produced ‘ideal’ activity profiles for both I37Cs and 
2l0Pbu, indicating that heterogeneities often associated with fluvial systems were not 
significant at this scale in these systems. Such conditions cannot be assumed for many 
other fluvial systems.
Another 137Cs-based approach for determining accretion rates uses the first appearance 
of 137Cs in 1954 and the 1963 peak in atmospheric fallout as radioisotope marker horizons 
(DeLaune et al., 1978). This straightforward method has been employed in the Bengal 
Basin using maximum depth of I37Cs penetration, less the mixing depth, to determine first 
appearance of significant bomb-derived I37Cs fallout in 1954 (Allison et al., 1998). Walling 
and He (1997) use a similar 137Cs profile method, differing from Allison et al. (1998) by 
employing the 1963 fallout peak and a cesium migration rate rather than first appearance 
and mixing depth. Although these and other t37Cs techniques have been widely applied for 
monitoring soil erosion and sediment accumulation in terrestrial systems (see Ritchie and 
McHenry, 1990), only a few recent studies (e.g., He and Walling, 1996a; Wallbrink and 
Murray, 1996) have used 2I0Pb to corroborate results. He and Walling (1996a) tested 210Pb 
geochronology against robust I37Cs findings in a relatively ‘ideal’ study area, and results 
from the two isotopes agreed well, supporting the application of 210Pb methods. In a more 
difficult setting of steep, logged hillsides, Wallbrink and Murray (1996) applied differences
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9in 2I0Pbu and ,37Cs vertical distribution (a function of different fallout histories) via 
inventory ratios to investigate soil loss. In this instance, complex fallout patterns precluded 
the sole use of 137Cs to address sediment redistribution, requiring comparable, but 
independent, data from 2l0Pb to be employed. These recent works suggest that the use of 
2I0Pb in conjunction with 137Cs methods can be a powerful approach to understanding 
floodplain sedimentation in complex environments. However, additional research is needed 
to further develop and support this multi-nuclide approach in terrestrial and fluvial systems.
This paper reports findings from the application of ,37Cs and 2,0Pb radioisotope 
geochronology to a large, heterogeneous environment, the Ganges-Brahmaputra (G-B) 
river floodplain and delta plain. In addition to testing and refining these geochronological 
methods for such a setting, results reveal new insights on rates and patterns of floodplain 
deposition in this dynamic system. Recent fluvial sediment storage is calculated from the 
measured accretion rates, highlighting the importance of floodplain sequestration to fluvial 
sediment discharge. With regard to human issues, plans for the construction of flood- 
control devices (e.g., levees, embankments) along the waterways of Bangladesh have 
prompted questions regarding the importance of overbank sedimentation in maintaining 
land-surface elevation in the future (Hughes et al., 1994; Milliman et al., 1989). This may 
be an acute concern given active subsidence in the region and that nearly one-half of the 
densely inhabited land is < 5 m above sea level.
Geologic Setting
The Ganges and Brahmaputra rivers flow into the Bengal Basin and coalesce in the 
country of Bangladesh -150 km upstream of the coastline (Fig. 1-1). Situated within a 
tectonically-subsiding foreland, the high-load Ganges and Brahmaputra rivers top their 
banks during the summer monsoon (July-September) when over 80% of annual water 
discharge occurs (Coleman, 1969). Local rains and overbank flow combine to flood
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Figure 1-1. Location map of the Bengal Basin showing general physiography and the three 
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floodplain system, Region B as the Sylhet basin, and Region C as the south- 
central floodplain and delta plain. Sample sites within the study areas are 
plotted in Figure 1-2.
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45-70% of the basin and lead to widespread fluvial sediment deposition (Hughes et al., 
1994). Through the Holocene this process, aided by numerous channel avulsions, has led 
to the development of -100,000 km2 of braidbelt, floodplain, and delta plain. Fluvial 
sedimentation might be considered largely uniform across the region on a millennial time 
scale, but considerable variation exists at century and shorter time scales, and little is 
known about modem rates and distribution.
For this study, three geographic regions of the Bengal Basin are examined (see Fig. 1- 
1): the south-central (S-C) floodplain and delta plain; the modem Brahmaputra floodplain 
system; and the Sylhet basin situated along the old course of the Brahmaputra river (pre- 
1790’s). The S-C zone comprises the floodplain and estuarine delta of a Late Holocene 
river course and has been subsequently isolated from significant fluvial input by channel 
avulsion. Conversely, the modem Brahmaputra floodplain became active in the 1790’s 
when the channel began to switch to the west side of the Madhupur Terrace (Fergusson, 
1863). The Madhupur itself is a 3-12 m high, uplifted Pleistocene terrace that forms a 
lengthwise barrier between the modem Brahmaputra and the Sylhet basin. The Sylhet is a 
low-lying, poorly drained basin that is subsiding beneath the overthrusting Shillong Massif 
to the north. For much of the Holocene the main Brahmaputra channel occupied the 
western edge of the Sylhet, and this old course continues to support limited flow.
The broad ‘floodplains’ of the Bengal Basin comprise many geomorphic settings, and 
for this study four physiographic environments have been identified: 1) the braidbelt of the 
anastomosing river channels; 2) the floodplain proper, defined as the area subject to 
overbank processes; 3) continuously flooded low-lying bottomland basins called ‘bils’; and
4) the lower floodplain and delta plain of an inactive delta lobe. The braidbelt environment 
consists of channel, levee, and bar deposits that cover extensive swaths 3-25 km wide and 
-4900 km2. Significant channel migration occurs within the braidbelt (100’s m/yr) and is 
responsible for both major erosion in the form of channel scour and bank cutting, as well 
as rapid deposition on developing lateral and medial bars (Bristow, 1987). From the
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braidbelt edge, the floodplain proper extends up to 40 km toward the basin interior. The 
proximal, or young, portion of the floodplain reaches variably (to -2 0  km) from the 
braidbelt and has been actively influenced by the river or its distributaries within the past 
several decades. The distal, or old, floodplain extends further toward the basin interior (to 
-40 km) and has been infrequently affected by fluvial processes in recent decades. Adjacent 
to the floodplain, and locally within it, are poorly drained bil areas which remain flooded 
throughout the year and are removed from active river influence. Bils may be subject to 
higher rates of subsidence than other environments due to local faulting or compaction 
(Alam, 1992). The S-C floodplain and delta plain are part of an old delta lobe which 
accreted in the Late Holocene before the rivers changed to their subsequent courses and 
significantly reduced riverine influence across the area.
The shallow stratigraphy of the Bengal Basin lowlands varies in general with the 
geomorphic settings described above. Recent deposits close to a major channel are 
relatively coarse-grained and show well-preserved fluvial structure within the silty and fine 
sand sediments, often being demarked by alternating layers of micas, quartzose sands, and 
heavy mineral deposits. Bedding is preserved because of rapid accumulation and limited 
agriculture in this dynamic environment. Within close proximity of the channel (< 5 km), 
however, fine-scale structure becomes less common and is restricted to coarser deposits 
formed by splay and channel development. These units alternate with more massive fine­
grained mud layers deposited by low-energy overbank flooding. Deposition of these fine 
and coarse-grained units is controlled by annual variation in the flood pulse and channel 
configuration, and their ratio varies with the degree of channel influence. Strata in this 
environment may become disturbed or mottled by annual crop ploughing within the upper 
10 cm (ISPAN, 1995) if burial rates are slow. Low-energy conditions dominate beyond the 
braidbelt-floodplain transition, and textural homogeneity of the fine-grained flood deposits 
precludes the formation of observable structure. Furthermore, any laminations or bedding 
would be quickly disturbed by cultivation in this fertile environment. Soil horizons form
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rapidly here to <1 m depth due to seasonally changing hydrologic conditions, organic 
oxidation, and mineral weathering (Brammer and Brinkman, 1977). Leached iron and 
calcium may reprecipitate to form nodules or root casts within these sediments.
Methods
Sample Collection and Textural Analysis
Sixty sediment cores were collected from three regions of the Bengal Basin (Fig. 1-2). 
Different techniques for sample collection were employed depending on the water content 
of the sediment: wet sites were sampled by 10-cm diameter vibracores; moist areas by 15- 
cm diameter PVC push cores; and dry areas by acrylic tray cores collected from trench 
walls. Subsamples for lab analyses were then collected at homogenized intervals of 2 cm to 
15 cm. Grain-size measures were made by wet sieving at 62.5 pm with the mud fraction 
differentiated either by pipette analysis or using a Sedigraph® 5100 particle analyzer. For a 
laboratory investigation of nuclide partitioning, two sediment samples were size separated 
using Stokes’ Law for successive settling and centrifugation into 0.05 - 0.5 pm, 0.5 - 2.0 
pm, 2.0 - 10 pm, 10-30  pm, 30 - 63 pm, > 63 pm fractions. Subsample grain size was 
then measured using the particle analyzer.
Radioisotope Analysis
For all cores, activity of 137Cs (T1/2 = 30.17 yr) was determined by gamma 
spectroscopy using a low-energy (planar) intrinsic germanium detector coupled with a 
multichannel analyzer. Twenty-seven cores were analyzed for 210Pb (TI/2 = 22.3 yr), 14 by 
direct gamma assay and 13 by measurement of the 2I0Po daughter using alpha 
spectroscopy. Sediments for gamma assay were homogenized, packed, and sealed in 70 ml 
petri dishes. Samples counted for 2I0Pb were ‘aged’ for at least 20 days to capture daughter 
“ Rn gas (T1/2 = 3.8 d) and ensure secular equilibrium between ^ R a  (TI/2 = 1.60xl03 yr)
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and measured daughters 2,4Pb and2MBi (TI/2 = 27 and 20 min, respectively). A self­
absorption correction was also made for the low-energy 2,0Pb gamma ray (46.52 keV) 
using a radioisotope source (Cutshall et al., 1983). Samples were counted for ca. 24 h and 
subsequently dried at 65°C to determine dry mass. For alpha analysis, -  10 g of dried 
sediment was spiked with 209Po (T1/2 = 102 yr) and subjected to sequential acid teachings 
over a hot plate using HN03 and HC1. The ionic polonium is plated onto a silver (Ag) 
planchet suspended in the leachate for -12 h, and samples were counted for ca. 8 h using 
an alpha spectrometer. Supported levels of 2I0Pb were determined from parent ^ R a  
activity for gamma-measured samples (Joshi, 1987) and by the downcore asymptote of 
total 2l0Pb for alpha samples. Size-fractionated samples for the nuclide partitioning 
investigation were measured for 137Cs and 210Pb by gamma assay using an intrinsic 
germanium well detector and multichannel analyzer.
Results
Radioisotope Activity Profiles
I37Cs profiles from the Bengal Basin do not reflect atmospheric input history, where a 
subsurface maximum in activity corresponding to the major 1963-1964 radiocesium flux 
would be expected. Rather, the coarse structure of most G-B profiles shows relatively high 
activity at the surface, decreasing variably with depth. A second observation is that 
variations of l37Cs and 210Pbu activity at a site are similar and mimic one another despite 
different atmospheric fluxes for these radioisotopes (Figs. 1-3 -1-6). This suggests that 
137Cs and 2I0Pb flux to the Bengal Basin is dominated by the redistribution of particle- 
sorbed nuclides from the catchment, rather than direct atmospheric input. Among sites from 
the same geomorphic environment, profile patterns are similar but often show variation that 
is indicative of local differences in drainage patterns, fluvial channels, and sediment 
characteristics.
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Figure 1-3. Activity profiles for 137Cs and unsupported 2I0Pb from the Brahmaputra river 
braidbelt. Activity error bars are shown or within range of plot symbol. 
Vertical bars alongside plot indicate sampling intervals. Core locations shown 
in Figure 1-2A. Low, nearly uniform activities and deep l37Cs penetration 
indicative of rapid accumulation. Note stacking of two fining-upward bar 
sequences in Core 2 and the corresponding texture-related signature in 
radioisotope activity.
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channel configurations.
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Figure 1-5. Activity profiles for I37Cs and unsupported 210Pb from distal floodplain sites.
Activity error bars are shown or within range of plot symbol. Vertical bars 
alongside plot indicate sampling intervals. Core locations shown in Figure 1- 
2A, B. Moderate activities, shallow penetration, and profile shape are typical 
of most floodplain and bil sites, and suggest relatively steady, slow to 
moderate, accumulation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
De
pth
 
(c
m
)
19
Activity (dpm/g)
C orel
20
40
60
% Wt
0 100
i i i
T  I
Activity (dpm/g) % W t
0 1 2 3 4 5
Core 2
10
20
30
40
Kev
QSand QSilt gClay 
o unsupported 21 °Pb 
•  ,37Cs
Figure 1-6. Activity profiles for l37Cs and unsupported 2l0Pb at two bil sites. Activity error 
bars are shown or within range of plot symbol. Vertical bars alongside plot 
indicate sampling intervals. Core locations shown in Figure 1-2B. Note in 
Core 1 the mimicking of lead and cesium activity changes despite different 
atmospheric input histories.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
532348485353534848235353532391484853235348234823
20
Activity profiles from the G-B exhibit four general patterns, each indicating a different 
style of floodplain deposition. Associated with the active braidbelt are low, nearly uniform 
activities that extend to depths >100 cm and indicate rapid deposition (see Fig. 1-3). 
Accretion at these sites is dominated by channel processes such as lateral migration and bar 
development Adjacent to the braidbelt, profiles from the young proximal floodplain also 
show deep penetration with generally low activities, but are punctuated by intervals of high 
activity (see Fig. 1-4). These profiles reflect a variable accretion history, where periods of 
rapid and slow deposition are controlled by the annual flood pulse. No deposition may 
occur in dryer years, while normal years may bring moderate overbank accumulation, and 
during major floods rapid accretion might result from splay formation or bar development. 
The most widespread profile form is an exponential- to linear-style decrease found 
throughout the bils and old distal floodplain (see Figs. 1-5, 1-6). Maximum activity for 
these curves is at the surface, decreasing with depth in a steady to irregular fashion. The 
profile form is shallow with lower-activities for distal floodplain sites as compared to the 
deeper, high-activity profiles from the bils. Although results vary about an ideal fit for 
exponential-decay, the coarse structure of the profiles indicates a long-term tendency 
toward steady-state accumulation, being overprinted by spatial and temporal variations.
Size Fractionation o f Sorbed Nuclides
In floodplain soils both, I37Cs and 2I0Pb have been shown to preferentially sorb to fine­
grained sediments and become fixed in hydrous clays over a time scale of weeks to months 
(Comans et al., 1991; Cremers et al., 1988). In the Bengal Basin, expandable clay minerals 
such as varied illites, chlorite, and smectite are abundant within floodplain soils (FAO,
1971) and offer ample cesium sorption sites. Lead is also a particle-reactive element that is 
regarded as relatively immobile. Results here reveal that both l37Cs and 2I0Pbu are sorbed 
within the finer fractions (<10 pm) of mixed floodplain sediments (Table 1-1). l37Cs is 
found in nearly equivalent concentrations in the 0.1-0.5 pm and 0.5-2 pm fractions, with a
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TABLE 1-1. Radioisotope activity within different sediment size fractions.
Size
Fraction
(pm)
Modal
Diameter
(pm)
,37Cs
Activity
(dpm/ g)
Activity
(dpm/g)
>62.5 0.0 0.0
30-62.5 31.9 0.0 0.0
10-30 15.4 0.0 0.0
2-10 6.1 0.1 0.0
0.5-2 1.6 0.4 1.9
o ■ o in 0.4 0.4 3.0
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lesser amount in the 2-10 pm split that is likely sorbed to the finer clay-mineral fraction (<
4 pm). Unsupported 2l0Pb was only found in the < 2 pm splits, with a significantly higher 
proportion in the <0.5 pm sediments.
Penetration Depths and Inventories
137Cs penetration (cm) and raw inventory (dpm/cm2) data reveal recognizable 
differences between the study areas and physiographic environments of the Bengal Basin 
(Table 1-2). Among physiographic environments, mean I37Cs penetration depth is greatest 
in the Brahmaputra braidbelt by a factor > 2, and depths from the floodplain average only -  
50% of those from the bils. All environments in the S-C region reveal comparatively 
shallow I37Cs penetration. For I37Cs and 210Pbu inventories, however, mean braidbelt 
values are similar to those from the floodplains and are only ~ 50% of the Sylhet bil means, 
suggesting a reversal of the trend in penetration data. In other physiographic environments, 
though, inventory trends are similar to those for penetration. Regionally, inventory values 
were highest in the Sylhet area, followed in order by those from the Brahmaputra region 
and the S-C Bengal Basin. Large standard deviation for all means indicates the anticipated 
complexity and heterogeneity in the G-B system, but major trends are nonetheless distinct 
and statistically significant (two-tail r-test; p 0.5).
Using penetration and raw inventory values as proxies for accretion, linear correlation 
of these measures yields poor results (Fig. 1-7). However, most disagreement among the 
data is found at the higher values corresponding to very coarse- or fine-grained sites. Since 
137Cs and 2I0Pb are found to be sorbed within the fine-size fractions (see Table 1-1), 
inventory values were recalculated by normalizing to 50% clay (a typical value for G-B 
sediments) based on the percent mass of clay-sized sediment (< 4 pm) at each site, where
/  - M /norm r raw
/c la y  ( 1 )
and /norm = grain-size normalized inventory (dpm/cm2); /raw = raw inventory (dpm/cm2); and
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TABLE 1-2. Summary of penetration and inventory data.
^ sV v ^Mean (a) 
Physiographic Unit
,37Cs
Penetration
(cm)
Raw Inventory Normalized Inventory
137Cs ^“Pbu ,37Cs 210Pb0
(dpm/cm2) (dpm/cm2)
Brahmaputra braidbelt >70 (39) >18 (9) >60 (30) >39 (23) >107 (24)
Brahmaputra floodplain 15 (6) 13 (4) 41 (15) 15 (5) 48 (30)
Brahmaputra bils 31 (9) 22 (9) 78 (33) 30 (18) 97 (60)
Sylhet floodplain 18 (5) 17 (4) -- -- 19 (7) -- --
Sylhet bils 29 (13) 32 (22) 129 (63) 31 (24) 110 (52)
South-central floodplain 13 (4) 8 (2) . . 9 (2) -- --
South-central bils 15 (6) 12 (7) 40 (20) 10 (5) 38 (24)
South-central delta plain 6 (3) 2 (1) 15 (11) 4 (3) 22 (15)
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Figure 1-7. Plots of 137Cs penetration depth against raw and normalized ,37Cs inventories. 
Solid line represents linear regression. Note reduction in scatter and 
improvement in correlation for grain-size corrected data.
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f day= fraction of < 4 (im-diameter sediments. Penetration/inventory correlations improve 
considerably after normalizing for grain size, increasing from an R2-value of 0.19 to 0.69 
for 137Cs and from 0.12 to 0.42 for 210Pbu. Further, discordant trends in penetration and 
inventory data (see previous section) are resolved using normalized inventory values, 
where the braidbelt supports the highest values for both measures. These results stress the 
significance of grain-size effects on inventory measures and the need to consider this 
correction in heterogeneous systems.
Discussion
Accretion Rate Measures
Calculated accretion rates were derived using three methods, 137Cs penetration depth 
and excess 137Cs and 210Pbu inventories. The 137Cs penetration method is independent from 
137Cs and 2I0Pbu inventory determinations, and the two inventory methods can be 
considered quasi-independent as these isotopes differ in geochemistry and global flux 
history. Further, temporal variability in accretion is reduced because these measures 
represent time-averaged results, and stochastic or anomalous events are averaged over 
several decades.
137Cs Penetration Approach. — Accretion rates calculated from the depth of l37Cs 
penetration is the most direct method (Allison et al., 1998). As l37Cs is an anthropogenic 
radionuclide with its first significant fallout in the early 1950’s, the maximum depth of 
penetration, less the depth of the mixed layer, is assumed to represent accretion since that 
time (DeLaune et al., 1978). Penetration-derived accretion rates (R^)  can be expressed as
where = maximum depth of I37Cs penetration (cm); = depth of the mixed layer
(cm); and T= time since I37Cs input (39 yr for this study). In the Bengal Basin, sediment
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mixing caused by year-round cultivation is believed to be the dominant control on I37Cs 
redistribution, and thus average plowing depth affords a representative mixing term.
Typical non-mechanized cultivation in the study area supports an average mixing depth of -  
10 cm (Allison et al., 1998) and is used for D^  in this study. At sites accreting more than a 
few mm/yr, this mixing correction represents a relatively small source of error; however, it 
may dominate the penetration signal at sites of limited accretion. Cesium mobility is not 
considered to be significant as this particle-reactive cation becomes strongly sorbed in the 
interlayer sites of expandable clays, where it remains largely fixed in aerobic, freshwater 
sediments such as those comprising the G-B floodplain (Francis and Brinkley, 1976;
Evans et al., 1983; Cremers et al., 1988; Comans et al., 1991). In comparison, Walling 
and He (1997) consider the sum of post-depositional processes (i.e., physical, chemical, 
biological mixing) in their UK study sites to be better represented as a diffusive process 
and address it by means of a downward migration rate (g/cm2/yr). This approach may be 
more appropriate in settings where redistribution is not dominated by a single process.
Inventory Approach. — The inventory method for calculating accretion rates holds that 
radioisotope activity above the level of atmospheric fallout represents that associated with 
sediment input (Walling et al., 1992). This ‘excess’ inventory component can be related to 
sediment deposition by assuming a mean activity for catchment-derived sediment. For 
^“Pbu, He and Walling (1996a) derive the following equation for sediment accumulation 
rate, R (g/cm2/yr),
R = Apj, l^ota* u^ni
^catch ( 3 )
where = 2l0Pb decay constant (yr'1); 7Iotal = total inventory (dpm/cm2); = local fallout 
inventory (dpm/cm2); and A ,^rh = concentration in catchment-derived sediment (dpm/g). 
Several assumptions are made for this approach and appear validated in the He and Walling 
(1996a) study via comparison with robust I37Cs and sediment trap accretion data. One 
assumption is for uniform atmospheric fallout and, thus, a common value for the
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atmospheric fallout component ( 4 J  of total inventory ( / J .  A second assumption for a 
mean activity of catchment-derived sediments delivered to the floodplain (A_,„J is based in 
part upon a 2-yr monitoring of 2I0Pbu activity in overbank deposits (He and Walling, 
1996a). A third consideration that 2I0Pbu flux to the floodplain has been long-term (> 5 
half-lives) is soundly founded on the steady-state atmospheric input of mRn, its short­
lived gaseous parent that derives from subsurface 226Ra, a long-lived member of the 
primordial decay series (Appleby and Oldfield, 1978).
Compared with 2I0Pbu, however, the flux of anthropogenic I37Cs to the atmosphere has 
been markedly non-steady state since its initial production through above-ground nuclear 
weapons testing in the early 1950’s (Cambray et al., 1982). Therefore, in order to address 
this problem for the I37Cs inventory approach, Walling and He (1992) developed a model 
for deconvoluting the atmospheric and catchment components of their l37Cs activity 
profiles. This allows them to use time-variable decay-corrected activities (Acatch) for 
catchment-derived sediment-bound I37Cs (Walling and He, 1997). In the present study of 
G-B system, though, particle-sorbed I37Cs flux from the catchment basin appears to be 
steady-state based on the close covariance of down-core 2I0Pbu and I37Cs activity (see 
Figures 1-3 - 1-6). This can only occur if 2I0Pbu and I37Cs are delivered to the floodplain in 
a constant ratio and indicates that sediments exported from the catchment are sufficiently 
mixed to offset differences in atmospheric flux history.
Based on these findings, the concentration of sediment-sorbed l37Cs derived from the 
G-B catchment basin is taken as steady-state. This situation was unexpected because of 
l37Cs’s varied fallout history; however, similar findings are reported elsewhere (e.g.,
Smith et al., 1987; Walling and He, 1992). Smith et al. (1987) conducted a study of 
nuclide transport through a medium-sized drainage basin (0.8 x 105 km2) and recognized 
that the export of fallout I37Cs was controlled by quick hydrological and slow erosional 
processes. For the erosional component, a Iow-activity flux of sediment-sorbed 137Cs from 
the catchment reached steady-state soon after the peak of weapons testing in the early
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1960’s and remained so through the end of data collection in 1979. This steady release is 
apparently a function of the long residence time for particle-bound l37Cs in the catchment, 
determined to be 1000 years. A similar process of slow, steady release of sorbed 137Cs is 
also observed for the immense G-B drainage basin (17.6 x 105 km2). Furthermore, Walling 
and He’s (1992) model of deconvoluted profiles of catchment-derived 137Cs show a long­
term, largely steady-state, low-concentration release from drainage basins with cultivated 
soils, such as those found in the Ganges and Brahmaputra.
Given the assumption of steady-state l37Cs flux from the G-B catchment, a solution for 
inventory-derived accretion can be derived. First, the assumption of long-term flux (as for 
2I0Pbu) does not follow for 137Cs since it has only existed for -1 .5  half-lives, and the 
decay-corrected input must be integrated over time since initial fallout (7) where
where = the 137Cs decay constant, and T = time since initial input (39 yr).
Revised Equations fo r Inventory-derived Accretion Rates. — Equations 3 and 5 
represent the most simple approach for calculating accretion rates from inventory values, 
but they do not address potentially significant sources of error. In the G-B system marked 
heterogeneities must be considered, and this need has been illustrated for particle size 
effects where poor correlations between penetration and inventory values improved 
considerably after normalizing to the clay fraction in bulk sediments (see Fig. 1-7). Walling 
and He (1997) also note grain size as an important consideration for inventory values, and 
He and Walling (1996b) account for nuclide fractionation by an empirical relationship 
between the particle surface areas (m2/g), estimated from grain size distribution, of
Jo *  (4)
Using the result of Equation 4 ,137Cs inventory values can then be converted to an accretion 
rate, RCs (g/cm/yr), by
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deposited floodplain sediments and a catchment-derived source (e.g., suspended fluvial 
load). The present study’s investigation of size-fractionated nuclide sorption reveals that 
both 137Cs and 2I0Pbu are sorbed within the < 4 pm fraction of G-B sediments, and we 
undertake a different approach in accounting for this preferential distribution. Following the 
earlier discussion (Section 4.3), catchment-derived activities and inventory values are 
normalized to 100% clay mass based on the fraction of < 4 pm-diameter sediments ( f ^ )  at 
each site (as in Equation 1, sans 0.5 value). This simple resolution has the benefit of 
standardizing all activities to a common measure and only requires determination of a single 
size class. However, while each of these approaches rely on grain size as the appropriate 
variable, preferential nuclide sorption is more precisely a function of effective binding site 
availability (Francis and Brinkley, 1976; Evans et al., 1983). This quantity varies with 
surface area and cation exchange capacity and can differ 50-fold for various clay minerals 
of the same size (Comans et al., 1991; Comans and Hockley, 1992). Nevertheless, results 
to date exhibit considerable, if imperfect, success in accounting for nuclide particle 
selectivity among mixed sediments and warrant grain size as an effective proxy (this study; 
He and Walling; 1996b).
Considerable variability can also occur in the initial distribution of atmospheric fallout, 
where patterns are largely controlled by rainfall and runoff (Bachhuber et al., 1987; 
Wallbrink and Murray, 1996). Direct measurements of nuclide fallout are made for many 
areas around the world and provide valuable information on regional inputs (e.g., Cambray 
et al., 1982; Joshi et al., 1971). However, these values do not consider local variations 
which have been shown to be considerable (> 40%; Wallbrink et al., 1994; Sutherland, 
1994). Because direct measurements of historical fallout are not possible, estimates of local 
differences must be based on surface hydrology, age of the site, and if significant, 
rainshadowing. Since the bulk of fallout is associated with precipitation, the movement of 
runoff should be a major control on fallout distribution. Thus, catchment areas such as the 
G-B bils will have a higher fallout inventory than surrounding areas. Overall, though, we
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assume that most nuclide fallout is deposited evenly over the floodplain, with some non­
particle-sorbed fraction being redistributed to the bils depending on ground permeability 
and slope. Another control on atmospheric inventory, one that is perhaps unique to areas of 
rapidly changing physiography, is the rate at which a site develops. In the braidbelt of the 
Ganges and Brahmaputra rivers, channels can migrate 100’s of meters per year and in 
doing so accrete large areas of new land. These young sites evolve in the course of only a 
few years (Bristow, 1987; ISP AN, 1995) and receive only a fraction of the atmospheric 
fallout deposited in older areas.
Based upon these observations, a simple focusing factor (c) is applied to the fallout 
term ( 1 ^  to correct for uneven fallout distribution. For the low-lying bil sites, a value of c 
= 1.5 is based on a comparison of inventory values from bil and floodplain sites that have 
equal penetration depths (i.e., similar accretion rates). In contrast to the bils, atmospheric 
inventory is very low in the Brahmaputra braidbelt, where near-vertical activity profiles 
indicate rapid development (< 10 years). Since I37Cs fallout after the early I970’s has been 
negligible, a focusing factor of zero is used for ,37Cs in the braidbelt. Similarly, a value c = 
0 is also used for 210Pb atmospheric fallout because of the rapid development of these sites. 
Although fallout may be uneven at other sites, no focusing factor is applied (i.e., c = 1) 
since such differences are presumably limited (< 20%) and cannot be resolved by the 
present study.
Given these considerations, a modified equation for inventory-derived accretion rates is 
presented to address grain size and fallout heterogeneity. In addition to the fallout focusing 
factor (c) and clay fraction (fclay) terms, we include a bulk density (p) term to yield accretion 
thickness (cm/yr) rather than mass (g/cm/yr). The revised equation for 210Pb-derived 
accretion Rn  (cm/yr) is
n   1 ( A o t a l  ^atm)
Pb ~  A Pb r  a
J c lay r^c lay  ( 5 )
where /total = raw inventory of radioisotope activity (dpm/cm2); Aclay = mean clay-
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normalized activity of catchment-derived sediments. The mean bulk density (p) is taken as
1.5 g/cm3, a value typical for the upper meter of floodplain sediments in the Bengal Basin 
(FAO, 1971). For I37Cs, the inventory accretion rate, Ra (cm/yr), may be determined by
noted that the assumption of long-term deposition (100 and 39 yr, respectively) for these 
equations may not hold for some young sites (i.e., braidbelt sites) and could result in 
underestimated accretion rates.
Without historical measures of radioisotope fallout, the atmospheric component of total 
inventory ( 1 ^  must be determined by proxy of a ‘reference’ core that is collected from a 
stable (non-eroding, non-accreting) site where no activity (i.e., excess) derives from lateral 
input (Walling et al., 1992). Three ‘reference’ cores were collected from the raised 
Madhupur Terrace (Fig. 1-2), yielding mean inventories of 9.5 ±3.7 and 25.3 ±1.4 
dpm/cm2 for I37Cs and 210Pbu atmospheric fallout, respectively. The mean activity of 
catchment-derived sediment delivered to the floodplain (Aclay) was determined by averaging 
surface activity at accreting sites (> 0.5 cm/yr), yielding clay-normalized values of 1.25 
dpm/g for 137Cs and 5.63 dpm/g for 2I0Pbu. These values can be assumed as constant over 
time based on the earlier discussion of steady-state release from the catchment basin. 
Results from other systems compare well, where Walling et al. (1992) found non­
normalized 137Cs values between 1.15 and 1.82 dpm/g for recent floodplain deposits in the 
UK, and He and Walling (1996a) report non-normalized 2I0Pbu values of 2.04 and 3.84 
dpm/g.
Calculated Accretion Rates. — Accretion results exhibit good correlation among the 
three methods, with R2 = 0.85 for the two radiocesium measures and a correlation of R2 = 
0.92 between the two inventory methods. (Fig. 1-8). The weakest agreement occurs 
between 2I0Pbu inventory and 137Cs penetration data at R2 = 0.65 and appears to be largely
(7)
where T  = time of 137Cs input prior to sample collection (39 yr, this study). It should be
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Figure 1-8. Linear regression plots of accretion rates determined by ,37Cs penetration, 
137Cs inventory, and 2l0Pbu inventory methods.
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a result of divergence in the > 1 cm/yr accretion rates. For 2I0Pbu, underestimated accretion 
rates at these sites may be a function of the small fraction of finest clays that host sorbed 
nuclides. A comparison of these correlations with those reported earlier for size-normalized 
inventories (R2a  = 0.69; R2^  = 0.42) indicates that the focusing factor accounts for some 
of the variability contributed by heterogeneous fallout. Despite accounting for much 
variability through grain-size and fallout corrections, mean local accretion values continue 
to exhibit high standard deviations, supporting the notion of significant fine-scale 
heterogeneity in the G-B system (Table 1-3). However, variance at the local scale is often 
found to be non-random and differences can be resolved into meaningful trends. The most 
apparent trend in accumulation patterns reveals two general controls, topography and 
proximity to a channel, with accumulation being greatest within topographic lows and near 
the channel.
At the regional scale, accretion rates indicate differences among the study areas and 
physiographic provinces that are evident and statistically significant (two-tail /-test; p 
0.05). Calculated mean accretion rates are highest in the braidbelt at > 1.47±0.92 cm/yr, 
and the bils (except S-C sites) support the next highest values of 0.51 ±0.29 and 0.64±0.60 
cm/yr for the Brahmaputra and Sylhet regions, respectively. Among the floodplains proper, 
each region yielded significantly different results with 0.27±0.13 cm/yr for the Sylhet and 
0 .16±0.14 cm/yr for the Brahmaputra sites. In contrast to active deposition in the central 
Bengal Basin, the S-C floodplain and bil sites yielded slow rates of 0.03±0.06 and 
0.10±0.12 cm/yr, respectively, and no modem accretion was recorded on the S-C delta 
plain. Similar to the local style of deposition, large-scale accretion patterns also suggest 
channel proximity and topography as major controls, where the braidbelt and bil sites 
accrete most rapidly with the floodplain proper accreting at a medial rate. Even in the 
largely moribund S-C region, accumulation is greater in bils than the surrounding 
floodplain. With no significant fluvial input, though, trends related to channel proximity 
could not be resolved.
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TABLE 1-3. Summary of calculated accretion rates.
Accretion Rates
Mean (a) Penetration Cs Inventory Pb inventory
Physiographic Unit (cm/ yr)
Br ahmaput r a br ai dbel t >1.53 ( 0.97) >1.60 (0.97) >0.93 (0.09)
Brahmaputra floodplain 0.15 (0.14) 0.17 (0.12) 0.17 (021)
Sylhet floodplain 0.19 (0.13) 0.36 (0.24) -- --
South-central floodplain 0.06 (0.09) 0.00 (0.00) -- --
Brahmaputra bils 0.54 (0.22) 0.53 (0.37) 0.44 (0.35)
Sylhet bils 0.48 (0.33) 0.79 (0.87) 0.66 (0.48)
South-central bils 0.15 (0.12) 0.05 (0.09) 0.08 (0.13)
South-central delta plain 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
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Floodplain Sedimentation in the Ganges-Brahmaputra system
Activity profiles from the Bengal Basin reveal a depositional history that can be 
correlated among sites from the same geomorphic environment, but which are also 
overprinted by a unique local pattern of sediment and nuclide input. In some environments, 
these local patterns can be traced to changes in depositional processes and corresponding 
textural differences (e.g., proximal floodplain; Fig. 1-4). Factors affecting vertical nuclide 
distribution in other areas are less obvious, but may be linked to local changes in the 
sediment source or the development or abandonment of a nearby channel. In most 
instances, however, observed peaks and lows in activity could not be deciphered into a 
complete picture of historical deposition. These variations certainly contribute to the large 
standard deviation in the accretion rates, but would require a much higher sampling density 
to resolve.
In general, though, activity profiles exhibit four distinct styles of deposition and 
implicate various controlling processes (Fig. 1-9). The steep, uniform-activity, and deeply 
penetrating profiles found in the Brahmaputra braidbelt indicate rapid deposition and are 
consistent with processes such as bar development, bank accretion, and channel infilling. 
Bar development and bank accretion were found to be the dominant styles of deposition 
along a 200-km stretch of the river, comprising 57% and 19% of the gross accumulation 
between 1972-1978 (Bristow, 1987). However, erosion and reworking in the braidbelt are 
significant processes as well.
In the floodplains adjacent to the braidbelt, lateral accretion is replaced by overbank and 
splay deposition. As a result of rapidly changing channel configurations and annual 
variation in the flood pulse, the distribution and magnitude of accretion is episodic and 
unpredictable in this environment. Accretion may vary from none to 10’s of centimeters per 
year at proximal floodplain sites, thus producing peaked and variable activity profiles. 
Toward the basin interior, large variations in the annual flood pulse are moderated by 
distance, and annual deposition may only vary from none to several millimeters per year.
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Figure 1-9. Cartoon cross-section of Bengal floodplains with representative activity
profiles from Figs. 1-3 -  1-6. Observable trends in penetration, activity, and 
profile shape reflect the rate, style, and pattern of sedimentation across these 
environments.
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This slower and more uniform input of sediment is reflected in the shallow slope and 
relatively steady downcore decrease in radioisotope activity at more distal (old) floodplain 
sites.
The trend of decreasing accumulation with distance is reversed for the bil sites, where 
mean accretion rates are more than twice those of the floodplain proper. Activity profiles 
are similar to the floodplain, though, and suggest relatively steady sediment and isotope 
input. Overbank processes are an unlikely mechanism for deposition at these distal sites, 
and indeed satellite images show that sediment-laden flood waters do not approach the bils 
(ISPAN, 1995). Instead, we propose that surface floodplain sediments are mobilized by 
rainfall and transported into the receiving-basin bils by runoff. Annual precipitation of 1.5-
3.5 m falls across the Bengal Basin (Reimann, 1993), and runoff from the clay-rich 
cultivated plains undoubtedly has a high capacity for sediment transport. The magnitude of 
this process is likely a function of local ‘drainage area’, land slope, and surface 
permeability. Long-term maintenance of the land slope needed for sediment redistribution is 
likely controlled by differential subsidence in the Sylhet, a process that has been implied for 
the development of smaller bils as well (Alam, 1992). Furthermore, sediment redistribution 
in the Sylhet may be enhanced by the Holocene uplift (~ 2 m) of > 2000 km2 along the 
upper reaches of the old Brahmaputra (Coates et al., 1990). This recently raised surface 
could play a significant role in sediment redistribution through steepened regional slopes. 
Overall, the high accretion rates observed in local bils and the Sylhet basin indicate that 
surface reworking is as important as overbank processes for accumulation in the G-B 
system.
In contrast to active accretion throughout the central Bengal Basin study areas, surface 
accumulation in the S-C delta plain, floodplain, and bils is considerably less and even 
negligible in some areas. Limited accretion at the floodplain and bil sites may be supported 
by restricted flow in the largely infilled distributaries of the Ganges, or by local sediment 
redistribution. Seaward of this region, the non-accreting S-C coastal delta plain appears to
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be inactive and has possibly been moribund since channel avulsion isolated this area from 
direct fluvial input. The delta plain is relatively high and well drained (FAO, 1971), 
perhaps because of reduced compaction in this thick sand body. It is implied by the lack of 
accumulation that no offshore sediment is delivered to the delta plain by tides or frequent 
storm surges. This pattern contrasts with the considerable accretion noted in the modem 
nearshore where shore-attached digitate shoals are developing (Allison, 1998). Overall, the 
lack of accumulation throughout this distal region places emphasis on the importance of 
inland floodplains and basins for modem fluvial sediment storage.
Human Influence.— Sediment redistribution is not typically considered a major process 
in floodplain settings, yet evidence from the G-B suggests that it can be important over a 
large area. In the fertile, semi-tropical environment of the G-B, an undisturbed floral 
community consists of dense ground-cover beneath a multi-story tree canopy (Untawale 
and Jagtap, 1991) and contrasts sharply with the modem clear-cut, cultivated setting. In the 
Bengal Basin, the several meters of annual precipitation is strongly seasonal, falling mostly 
between June and October. It is presumed that intense rainfall during this time leads to 
saturated soils and substantial runoff for sediment redistribution. Given the rapid and 
relatively steady accretion observed in distal, low-lying bils, land clearing may have an 
important effect on the distribution of floodplain accumulation through surface sediment 
reworking.
This effect of expanded sediment deposition can also be considered for overbank 
processes, where floodwaters in a natural system would slow quickly due to bank-edge 
vegetation and deposit the sediment load closer to the channel. Thus, widespread clearing 
of the floodplains has likely broadened the area affected by overbank sedimentation because 
of undamped movement of flood waters. Combined, the effects of floodplain reworking 
and expanded overbank deposition would serve to level the overall land surface. These 
considerations imply that anthropogenic effects may extend beyond fluvial sediment loads 
and influence floodplain processes and development as well.
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Ganges-Brahmaputra Sediment Budget
Recently, interest has grown regarding the role of floodplains in sequestering fluvial 
sediment downstream of the lowest gauging station (see Fig. 1-1 for locations), a process 
which could account for a considerable reduction in current estimates of river sediment 
discharge to the ocean (Milliman and Syvitski, 1992). In this regard, the G-B system may 
represent an end-member example, where anastomosing braided channels, extensive 
overbank flooding, and widespread basin subsidence serve to enhance the distribution and 
accommodation of fluvial sediments. Accretion rates determined in the present study have 
been extrapolated throughout their respective physiographic units to gain first-order 
insights on the importance of this process in the G-B sediment budget (Table 1-4). The 
Sylhet bils, comprising most of that large basin, indicate the greatest potential storage of 
sediment. The 75 x 106 tonnes/yr calculated for this study represents -12% of the estimated 
sediment discharge of the Brahmaputra river. Subsidence in the region, up to >2 mm/yr 
(Alam, 1992; Goodbred and Kuehl, 1998), creates considerable accommodation for 
sediment storage and may be important for maintaining the land surface slope that supports 
reworking by runoff. In the Sylhet basin, Holocene fill sequences > 60 m thick indicate 
that this region is also a major long-term depocenter (Goodbred and Kuehl, 1998).
The Brahmaputra braidbelt presents the second largest potential for sequestered load, 
despite using a minimum value for accretion. However, the calculated 47 x 106 tonnes 
cannot be assumed to represent net accretion, as no measure was made for sediment 
erosion. For comparison, though, study of a 607-km length of the Brahmaputra river 
upstream of Bangladesh reported 16 cm of aggradation within the channel belt from 1971- 
1979, accounting for a 70% retention of suspended sediment (Goswami, 1985). This 
finding illustrates the large capacity for sediment storage within this restricted, but 
dynamic, environment, and emphasizes its importance as a major component of the 
sediment budget.
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TABLE 1-4. Calculated volumes of sequestered fluvial sediment.
Physiographic Unit
Mean Accretion 
Rate ( a )
(cm/ yr)
Area
(km2)
Sequestered 
Load 
(106 t / yr )
Brahmaputra braidbelt >1.47 (0.92) 2,298 >47
Brahmaputra floodplain 0.16 (0.14) 9,991 24
Brahmaputra bils 0.51 (0.29) 483 4
Sylhet floodplain 0.27 (0.13) 2,689 11
Sylhet bils 0.64 (0.60) 7,741 75
South-central floodplain 0.03 (0.06) 2,472 1
South-central bils 0.10 (0.12) 3,968 6
South-central delta plain 0.00 (0.00) 6,646 0
Totals: 36,288 167
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The Brahmaputra and Sylhet floodplains may contribute another 35 x 106 tonnes to the 
calculated storage capacity of the study areas. Despite considerably lower accretion rates 
than the bils and braidbelt, the broad extent of these environments compensates for their 
limited accumulation and demonstrates that sediment sequestering may be notable even in a 
slowly accreting area. However, negligible storage in the modem S-C floodplain and delta 
plain indicates that only portions of the Bengal Basin are actively accreting during any 
particular period.
The total figure from all study areas is 167 million tonnes of sediment potentially 
sequestered to the floodplain annually, or ~ 15% of the estimated Ganges-Brahmaputra 
sediment discharge presently assumed to reach the ocean. For comparison, Allison et al. 
(1998) used a GIS-based model to estimate that 29.3 million tonnes of sediment are 
deposited annually in 2,330 km2 of braidbelt and floodplain close to the Brahmaputra river 
(< 20 km). This equates to -  12 x 103 tonnes/km2, and compares to -  4.6 x 103 tonnes/km2 
for this study which includes a large area of non-accreting environments in the S-C region. 
Overall, these first-order figures lend credence to the notion of significant floodplain 
sediment storage in the G-B fluviodeltaic system. Further, the total value for this study is 
most certainly an underestimate as it encompasses only about one-third of the Bengal Basin 
and does not consider another -  60,000 km2 of lowland. Presumably, significant areas not 
studied here include the braidbelts and floodplains of the Ganges and Meghna rivers, as 
well as the modem G-B river mouth estuary. Extrapolating rates to these regions suggests 
that the total value for sequestered sediments in the Bengal Basin could be 30-40% of the 
estimated fluvial sediment load.
Conclusions
(1) Four basic styles of deposition are recognized from the activity profiles. In the 
fluvial braidbelt, steep, deeply penetrating, uniform-activity profiles indicate rapid
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deposition associated with bar development and bank accretion. Profiles from the adjacent 
floodplain exhibit episodic activity changes that indicate differential sedimentation caused 
by variation in channel configuration and the annual flood pulse. The most widespread 
profile form, found throughout the bils and old distal floodplain, shows maximum activity 
at the surface, decreasing with depth in a steady to irregular fashion. In the distal 
floodplain, the shallow, low-activity profiles result from slow overbank deposition, while 
deeper, high-activity profiles are found in bil environments where accretion is fed by 
floodplain reworking. Individual results vary about an ideal exponential curve fit but 
suggest the tendency toward constant sedimentation and radioisotope input at these sites.
(2) Dominant controls on deposition in the G-B are channel processes, overbank 
flooding, and floodplain reworking. Resulting sedimentation patterns reveal rapid 
deposition in the fluvial braidbelt and adjacent floodplain, with sharply lower rates in the 
central floodplain, and an increase to moderate rates in distal low-lying bils. Channel 
processes control deposition in the braidbelt, and overbank flooding dominates the 
floodplains. In distal bils, runoff from 1.5-3.5 m of annual precipitation leads to sediment 
remobilization and enhanced accumulation in these low-lying catchments. With regard to 
floodplain development, the extent and magnitude of reworking-supported accumulation is 
comparable to that of channel and overbank deposition. Further, the nearly complete 
clearing of vegetation that would limit runoff implies a potentially significant human 
component for this process in the Bengal Basin.
(3) A first-order sediment budget, developed by extrapolating mean accretion values 
across their respective physiographic units, suggests that at least 167 million tonnes of 
sediment may be sequestered to the Bengal Basin annually. This volume represents 
accretion below the rivers’ gauging stations, meaning that current estimates of fluvial 
sediment discharge to the ocean are off by more than 15%. Several unstudied portions of 
the system are not include here and could raise this value to 30-40%. Although this number
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is not tightly constrained, the implication is that a considerable volume of fluvial sediment 
is being sequestered within the G-B floodplain system.
(4) 137Cs and 2l0Pb geochronology has only recently been applied to floodplain 
systems, and this investigation sought to build upon earlier studies. An investigation of 
nuclide activity partitioning between grain-size fractions confirmed that l37Cs and 2l0Pbu are 
almost entirely sorbed within < 4 pm-diameter sediments, and significant improvements 
were achieved for inventory correlations by normalizing activities to this clay-sized 
fraction. Results were also improved considerably by accounting for variability in 
atmospheric fallout distribution by means of a focusing factor. Thus, despite considerable 
spatial and temporal complexity in the G-B system, combined use of the three accretion 
measures avoided the shortcomings of any single method. Further, while the inventory and 
penetration approaches provide a time-averaged view of accretion, the shape and 
characteristics of the activity profile reveal the history of deposition. Thus, compared to 
individual methods for evaluating floodplain accretion (e.g., sediment traps, sediment 
budgets), this multi-method approach yields additional information that is critical to 
understanding complex and variable systems.
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CHAPTER 2
Holocene and Modem Sediment Budgets for Ganges-Brahmaputra River: 
Evidence for Highstand Dispersal to Floodplain, Shelf, and Deep-Sea Depocenters
Abstract
The partitioning of fluvial sediment load across continental margins is an important 
control on strata formation and sequence development; however, few quantitative sediment 
budgets that encompass entire dispersal systems exist. For the Ganges-Brahmaputra River, 
sediment discharge is estimated to be 109 t/yr at its gauging stations -  300 km inland of the 
coast, but little has been known of this material’s downstream fate. Geochronological, 
geophysical, and stratigraphic investigations of the lowland floodplain, delta plain, and 
shelf help delineate the extent of Holocene fill and allow calculation of a first-order 
sediment budget. Results reveal that 1500 x 109 m3 of sediment fill has been sequestered 
within the floodplain and delta plain since -  7000 yr B.P., or about one-third of the annual 
discharge. The remaining load appears to be apportioned among the prograding 
subaqueous delta (1970 x 109 m3) and transport to the deep-sea Bengal Fan via a nearshore 
canyon. Modem (<100 yr) budget estimates based on short-term accretion rates show a 
similar dispersal pattern and that contemporaneous deposition continues within these 
disparate depocenters. The roughly equal partitioning of sediment among floodplain, shelf, 
and deep-sea settings reflects the respective influence of an inland tectonic basin, a wide 
shelf, and a deeply incised canyon system. The findings also support new sequence 
stratigraphic models for these settings and indicate the important insight that modem river 
deltas can provide for ancient margin systems. Further, results affirm that values of riverine
48
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sediment flux to the oceans may be considerably overestimated by not accounting for loss 
to the floodplains downstream of the gauging stations.
Introduction
Rivers are the main source of terrigenous sediment to the world oceans; however, much 
of this point-source material is trapped at the continental margin, commonly in a deltaic 
setting as lower floodplain, delta-plain, shelf, and slope deposits. At present, although 
fairly accurate load estimates exist for many rivers, little is known about the fate of fluvial 
sediment downstream of the rivers’ final gauging stations (Milliman and Syvitski, 1992). 
Many gauging sites are located 100s of kilometers from the coast, and a considerable 
portion of a river’s load may be sequestered to extensive downstream floodplain and delta- 
plain environments. Partitioning of this load among fluvial, coastal, shelf, and deep-sea 
settings is important for understanding floodplain and delta formation, coastal response to 
sea-level change and subsidence, and long-term sequence development.
Current ideas of sediment partitioning are based on somewhat circular reconstructions 
of preserved deltaic sequences and limited data from modem systems. For example, early 
sequence stratigraphic models suggested that alluvial, shelf, and slope facies develop in 
general concordance with transgressive, highstand, and lowstand sea-level stages, 
respectively. These ideas have now been refined for fluvial systems by addressing the 
locally high sediment input and complex response to base-level change that may shift the 
timing and location of sequence development (e.g., Schlager, 1993; Wescott, 1993). Other 
studies have also extended the original passive-margin sequence model to include different 
tectonic and physiographic settings (e.g., Posamentier and Allen, 1993a, 1993b).
However, there remain few quantitative data from modem and Late Quaternary examples to 
test these current views.
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In the modem system, sediment budgets for the lower floodplain and delta plain of the 
Amazon, Ganges-Brahmaputra, and Mississippi Rivers indicate that 24-39% of riverine 
sediment load is being sequestered to these regions (Dunne et al., 1998; Goodbred and 
Kuehl, 1998; Kesel et al., 1992). Offshore of some large rivers, the presence of a 
subaqueous delta demonstrates that the shelf is also a major highstand depocenter for 
fluvial sediment (Kuehl et al., 1986; Kuehl et al., 1997), although constraining offshore 
budgets can be complicated where sediment plumes are widely dispersed. Ultimately, a 
comprehensive fluvial sediment budget is difficult to establish because discharge may be 
distributed across terrestrial, coastal, and pelagic realms and under the variable control of 
sea level, fluvial and littoral processes, and tectonics. For the Ganges-Brahmaputra River 
delta, an opportunity exists for calculating sediment volumes because of physical 
boundaries that laterally confine the basin. Furthermore, tectonic activity, basin 
physiography, and the large sediment load favor accommodation and widespread sediment 
dispersal. In this study, we use stratigraphic and geochronologic data to determine first- 
order Holocene (since -  7000 cal yr BP) and modem (-100 yr) sediment budgets for the 
lower Ganges-Brahmaputra River that distinguish between floodplain, shelf, and deep-sea 
depocenters.
Geologic Setting
The Ganges and Brahmaputra Rivers debouch into the Bengal basin, where they 
currently coalesce -  150 km upstream of the coastline (Fig. 2-1). The rivers are gauged 
separately, with the main stations situated -  300 km above the mouth (see Fig. 2-1). Load 
estimates indicate a combined sediment discharge of -  1 x 109 t/yr for the rivers (Milliman 
and Syvitski, 1992). The receiving Bengal basin comprises -  100,000 km2 of lowland 
floodplain and delta plain and is bounded by Tertiary highlands. These same uplands 
confine the continental shelf (~ 40,000 km2) and upper Bay of Bengal, restricting
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longshore advection of the sediment plume (Barua et al., 1994). The shelf is also incised 
by a major canyon system, the Swatch of No Ground, that lies within 30 km of the modem 
shoreline and serves as a conduit to the deep-sea Bengal Fan (Kuehl et al., 1989; 1997; 
Weber et al., 1997).
The Bengal region is tectonically active with vertical displacement dominating 
Quaternary movements. The Madhupur Terrace and Barind Tract are Pleistocene uplifted 
alluvial deposits (Morgan and Mclntire, 1959), and neotectonic uplift is occurring around 
the Mymensingh, Calcutta, and Comilla areas (Coates, 1990; Khandoker, 1987). The 
expansive Sylhet basin is a foreland-trough system that is subsiding at 1-3 mm/yr because 
of overthrusting of the adjacent Shillong massif (Goodbred, 1999; Johnson and Alam, 
1991). Across much of the Bengal region, compaction and/or isostatically induced 
subsidence are clearly active, but rates are poorly constrained by existing data.
Methods
Stratigraphic and geochronologic data from the floodplain and delta plain were 
compiled from various sources, including published studies (Baneijee and Sen, 1987; 
Master Plan Organization, 1987; Umitsu, 1993) and results from our ongoing research 
(Figs. 2-1, 2-2; Goodbred, 1999; Goodbred and Kuehl, 1998). Calibrated radiocarbon 
ages (CALEB 3.0; Stuiver and Reimer, 1993) were used to establish the 7000 cal yr BP 
surface across the region. The eastern, western, and northern boundaries of basin fill are 
delineated by the abrupt exposure of Tertiary highlands, and the southern limit is taken as 
the modem shoreline at 0-m thickness. Geographic positions were converted to UTM 
(Universal Transverse Mercator) units to correct for projection. An isopach map was 
contoured by hand from available data, and fill volume was calculated by using Surfer 
graphing software. Kuehl et al. (1997) used similar methods to determine the volume of the 
subaqueous delta from seismic-reflection data. Volume-to-mass conversions were made by
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using a 1.5 g/cm3 dry bulk density based on in situ measures reported by the Food and 
Agriculture Organization (1971) and Michels et al. (1998). Data for the modem budget 
were compiled from various studies, including values for the floodplain and delta plain 
(Goodbred and Kuehl, 1998), nearshore (Allison, 1998), and delta front (Michels et al., 
1998).
Fluvial Sediment Budget
The resulting isopach map (Fig. 2-3) indicates 1500 x 109 m3 of sediment fill in the 
Bengal basin since the middle Holocene slowdown in sea-level rise at -  7000 cal yr BP 
(Table 2-1). This value equates to 0.32 x 109 t/yr, or about one-third of the estimated 
annual load (Table 2-2). Maximum fill thickness in the Bengal basin is found within the 
subsiding Sylhet basin (>40 m), and other thick sequences fill modem river and paleoriver 
channels. We suspect there may be a paleochannel course in the southwestern area, but this 
could not be confirmed with our data. To address this potential error, sediment volume was 
recalculated by assuming maximum fill depth in these areas, resulting in a <10% deviation 
from the stated value. On the shelf, the subaqueous delta began to form at -  7000 yr B.P., 
and Kuehl et al. (1997) calculated 1970 x 109 m3 of fill since that time, representing 0.42 x 
109 t/yr of sediment storage. Taken together, the floodplain and subaqueous delta deposits 
account for ~ 75% of the estimated fluvial sediment discharge. About a quarter of the load 
remains unaccounted for and apparently escapes the shelf through the Swatch of No 
Ground canyon. Although no comprehensive volume measures could be made for the 
canyon or Bengal Fan, direct local accumulation measures show a considerable volume of 
sediment to be reaching these depocenters (Michels et al., 1998; Weber et al., 1997).
For comparison, a modem sediment budget (Table 2-2) was determined by using 
published l37Cs and 210Pb geochronologies from the floodplain (Goodbred and Kuehl,
1998) and delta foresets (Michels et al., 1998). Also, Allison (1998) quantified sediment
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(contours in meters)
Figure 2-3. Isopach map of floodplain/delta plain sediments deposited since the mid
Holocene slowdown in sea-level rise, -  7000 BP. Volume calculations indicate 
1500 x 109 m3 of sediment fill in this region, corresponding to ~ 30% of 
annual discharge. Dashed gray lines represent modem river channels shown in 
Figure 2-1.
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TABLE 2-1. Sediment-fill values for the Bengal Basin since -* 7000 cal yr BP.
Fill volume Load stored 
(109 m3) (109 t/yr)*
Floodplain and delta plain 
Subaqueous delta
1500 0.32 
1970f 0.42
*Value using 1.5 t/m3 dry bulk density. 
fKuehl et al., 1997.
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TABLE 2-2. Sediment budgets for the Ganges-Brahmaputra River Delta.
Floodplain/delta plain Subaqueous delta Canyon/fan
Holocene^ 32 (this study) 42 (Kuehl etal., 1997) 26?
Modem 30 (Goodbred and 21, topset (Allison, 1998) 29?
Kuehl, 1998) 20, foreset (Michels et al.,
1998)
Note: Values are percentage of load based on 1 x 109 t/yr sediment discharge, 
♦calculated since 7000 yr B.P.
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aggradation between the shoreline and 50 m isobath (topset region) by using a GIS-based 
comparison of current and eighteenth century British bathymetric charts. Taken together, 
these studies reveal a recent load distribution that is similar to the overall Holocene system 
in which -  30% of the load is sequestered to the floodplains and -  40% is sequestered to 
the subaqueous delta. The remaining ~ 30% is presumed to reach the Swatch of No 
Ground (Kuehl et al., 1997), a conclusion that is supported by rapid modem sediment 
accretion in the canyon head (>50 cm/yr, Kudrass et al., 1998).
These results are consistent among the various studies, methods, and time scales used, 
but potential sources of error should be acknowledged. Perhaps foremost is variation in 
fluvial sediment load, which is largely controlled by climate, tectonics, and land-use. 
Paleoclimatic records constructed from the Tibetan Plateau indicate onset of the Southwest 
Monsoon at ~ 12,000 cal yr BP (the main source of regional precipitation), and relatively 
stable conditions after ~ 5700 yr B.P. and near-to-present conditions since -  3600 yr B.P. 
(Gasse et al., 1991; Thompson et al., 1989). Although this climate record does not 
discount variation in the sediment load, no major climatic shifts have occurred during the 
past 7000 yr. In the modem Ganges-Brahmaputra system, the effect of short-term climate 
change, basin tectonics, and shifting land uses should be tempered by the immense size of 
the drainage basin (1.8 x 106 km2). This mitigation reflects a basin’s capacity to store 
eroded sediments for 100s to 1000s of years before downstream release (Meade, 1996).
An example from the Changjiang River drainage basin (1.3 x 106 km2) reveals no evidence 
for a modem or late Holocene increase in sediment load, despite two millennia of extensive 
anthropogenic activity and a >50% loss of remaining forest cover in recent decades 
(Xiqing, 1996). Increased erosion in the catchment was shown to be accommodated by 
channel and floodplain adjustments along the middle and upper reaches of the river.
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Discussion
Recent studies of the Ganges-Brahmaputra delta indicate active sedimentation within 
floodplain, shelf, and canyon depocenters during the late Holocene and continuing to the 
present. Our data also suggest that sediment distribution has been roughly equally 
apportioned among these areas. Many factors are recognized to affect sediment dispersal 
and sequence development along continental margins, but eustasy, tectonics, and sediment 
supply are generally considered the most important (Jervey, 1988). For the Ganges- 
Brahmaputra system, slow eustatic sea-level rise during the past 7000 yr would 
presumably focus deposition on the shelf (nearest accommodation) and cannot account for 
the observed widespread distribution of sediment. Certainly the immense sediment and 
water discharge favor dispersal seaward of the coast, but they do not explain the large 
volume sequestered to the Bengal floodplains. The remaining influence that we believe to 
be one of the main controls on sediment dispersal in this system is tectonics.
Accommodation on the Ganges-Brahmaputra floodplains is continually generated via 
overthrust faulting, isostatic loading, compaction, and neotectonic (fault) movements. The 
impact of these processes on sediment dispersal is supported by our calculation that one- 
third of the sediment load is sequestered to the low-lying floodplains. Sustaining this 
floodplain storage capacity, subsidence exceeds 3 mm/yr in some areas (Goodbred, 1999). 
The relative contribution of compaction to this signal is not known, but it is presumably 
less significant than in finer-grained delta sequences (e.g., Mississippi delta). Extrapolating 
known rates from the Bengal basin through the middle Holocene, subsidence can account 
for 5-25 m of accommodation compared to ~ 10 m by sea-level rise. Offshore, compaction 
is believed to be significant in the muddy subaqueous delta and along with isostatic loading 
can account for continued production of accommodation on the shelf. Around the Swatch 
of No Ground, growth faults reflect rapid deposition and oversteepening and serve to feed 
massive sediment blocks into the canyon (Kuehl et al., 1997; Kudrass et al., 1998).
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Furthermore, that the canyon today remains unfilled suggests the successive removal of 
accumulated sediment to the Bengal Fan via mass wasting (Weber et al., 1997).
Large modem deltas may serve as important analogs for ancient margin systems, 
because abundant accommodation and sediment supply favor the formation of comparable 
stratigraphic sequences (e.g., Mississippi delta; Boyd et al., 1989). The Ganges- 
Brahmaputra delta provides a modem example of sequence development along a high- 
yield, tectonically active margin. For passive-margin settings, it is generally considered that 
most sediment bypasses the floodplain and is trapped on the shelf during highstands of sea 
level. This pattern is controlled by the seaward increase in accommodation resulting from 
subsidence and the sloping shelf. In contrast to this situation, Posamentier and Allen 
(1993a) present a revised sequence stratigraphic model for foreland basin systems and note 
that subsidence increases landward as a result of overthrust-driven subsidence. Resulting 
sequence development during highstand conditions largely occurs in the updip (landward) 
region.
The pattern of highstand sediment dispersal for the Ganges-Brahmaputra delta appears 
to reflect both of the these sequence models, with considerable storage in landward and 
seaward basins. This situation can be explained by the tectonic complexity of the Bengal 
basin, which comprises both “foreland” and “passive” margin elements. In the northeast, 
the Sylhet basin is a local tectonic foreland subsiding at a rate that increases toward the 
overthrusting Shillong massif (Goodbred, 1999; Johnson and Alam, 1991). Yet the lower 
Ganges-Brahmaputra delta plain and subaqueous delta are situated along a “classic” passive 
margin where isostatic subsidence increases seaward of a hinge line (Fig. 2-1; Lindsay et 
al., 1991). Furthermore, the Swatch of No Ground canyon is an important control on 
highstand sediment dispersal on the shelf that serves as a conduit to the Bengal Fan (Kuehl 
et al., 1989). The canyon head incises within 30 km of the modem coast (unlike most 
passive-margin canyons) and presents a situation comparable to the narrow, deeply incised 
shelves of collision margins (May et al., 1983), thus adding a third dimension to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
tectonic-physiographic setting of the Bengal basin. Clearly, the Ganges-Brahmaputra 
system does not fall into a typical margin setting or established model of sediment 
dispersal. However, the roughly equal and contemporaneous partitioning of sediment 
among these different depocenters affirms recent refinement of sequence stratigraphic 
models (e.g., Posamentier and Allen, 1993a; 1993b) and supports the application of 
modem delta studies to these efforts.
Finally, regarding modem geologic systems, the magnitude of sediment trapping in the 
Bengal basin has major implications for estimates of sediment flux to the world ocean. 
Milliman and Syvitski (1992) suggested that terrigenous sediment flux from rivers may be 
overestimated because of failure to account for floodplain deposition downstream of the 
gauging stations (see Fig. 2-1). Results of this study substantiate their ideas; the 30% 
storage of Ganges-Brahmaputra sediment load in the floodplain equates to a l%-3% 
reduction in global estimates of riverine sediment flux to the oceans from this system alone. 
Tectonic subsidence, broad floodplains, and widespread overbank flooding are important 
factors contributing to floodplain sequestration in this system (Goodbred and Kuehl,
1998).
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CHAPTER 3
Late Quaternary Evolution of the Ganges-Brahmaputra River Delta: Significance of
High Sediment Discharge and Tectonic Processes on Margin Sequence Development
Abstract
Borehole data from the Ganges-Brahmaputra delta system unveil an intriguing Late 
Quaternary history controlled by eustasy, tectonics, and immense sediment discharge. Sea 
level first intersected a major portion of the lowstand surface ~ 10,000-11,000 cal yr BP, 
marking the onset of sediment trapping and delta growth. Despite rapid sea-level rise over 
the next 3000 years (>l cm/yr), sediment load was sufficient to maintain relative shoreline 
stability. By ~ 7000 cal yr BP, accommodation rapidly infilled with slowing sea-level rise 
and led to upstream channel migration, widespread dispersal of sands, and a prograding 
coastal plain. In the western Bengal Basin at this time, a large portion of the Ganges 
sediment load bypassed the subaerial delta, producing a prograding deltaic clinoform on the 
shelf. Concurrently, Brahmaputra sediments were sequestered inland to the tectonically 
subsiding Sylhet Basin, thus starving the adjacent shoreline and leading to continued 
transgression in the eastern delta. By -  5000 cal yr BP, the two rivers had migrated or 
changed course to discharge along the eastern delta shoreline which began to prograde into 
what is now the modem river-mouth estuary. Present delta configuration appears to have 
developed by ~ 3000 cal yr BP.
Evolution of the tectonically active Ganges-Brahmaputra system reveals important 
similarities and differences with other deltas. Overall facies succession follows that of basic 
models, progressing from an alluvial valley to coastal marine delta front to a prograding
66
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subaerial delta plain. However, the timing, thickness, and controls of these deposits differ. 
Immense sediment discharge from the Ganges and Brahmaputra rivers allowed initial delta 
growth 2000-3000 years earlier than the global average, despite debouching onto an 
incised, high-energy margin. Subsequently, a thick (to 60 m) transgressive systems tract is 
formed during the early Holocene phase of delta aggradation, contrasting with extensive 
shoreline retreat documented along most margins. Highstand progradation of coastal and 
shelf sequences ensues by the middle Holocene, but subsiding inland basins also favor 
accumulation of a thick (to 40 m) highstand sequence in the lower floodplains. Unlike 
many other delta systems, subsidence in the subaerial Ganges-Brahmaputra delta is not a 
function of compaction, but of plate-driven tectonic processes that generate subsidence 
rates of up to 4 mm/yr. Overall, the huge sediment load, tectonic subsidence, major seismic 
events, and a nearshore canyon system have led to widespread sediment dispersal and 
sequence formation across the subaerial delta, shelf, and deep-sea Bengal Fan throughout 
the Late Quaternary.
Introduction
River deltas are the main gateway for terrigenous sediment flux to the oceans during 
transgression or highstands of sea level, when much of this river-borne material is trapped 
at the margin to form thick sediment sequences. Deltaic sequences are commonly the 
dominant component of continental margin stratigraphy and serve to build the shelf 
seaward over long time periods. Because deltas are also important hydrocarbon sources, 
economic interests have supported research on modem and ancient deltas such that 
individual processes and facies are well recognized. Nevertheless, described systems differ 
widely in morphology and stratigraphy, reflecting complex interplay among various 
controls, such as climate, eustacy, basin geology, catchment geology, and tectonics.
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Of the world’s large modem deltas, the Mississippi system has served as a prototype 
because of intensive investigation over the past 50 years (e.g., Fisk and McFarlan, 1955; 
Morgan, 1961; Frazier, 1967). Forming along a quiescent trailing-edge margin, the 
Mississippi delta is a complex and dynamic system, controlled not only by fluvial 
processes but also extensive sediment-induced tectonics (Morgan, 1970). Other large deltas 
were investigated at this time, with emphasis on modem processes and morphology or on 
margin-scale sequences with hydrocarbon potential (e.g., Niger: Allen, 1965; Mekong: 
Gagliano and Mclntire, 1968; Amazon: Milliman et al., 1975; Nittrouer et al., 1986; 
Ganges-Brahmaputra: Morgan and Mclntire, 1959; Nile: Summerhayes et al., 1978). In the 
1970’s, the development of sequence stratigraphy (Vail et al., 1977) renewed academic 
interest in delta systems as a major part of margin sequences and in particular the response 
of Late Quaternary systems to eustatic cycling.
In recent decades, the Late Quaternary stratigraphy and development of several large 
delta systems has been investigated (e.g., Nile: Stanley and Wame, 1993; Chianjang: Li et 
al., 1998; Niger: Oomkens, 1974; Orinoco: Morton et al., 1998; Rhone: Gensous and 
Tesson, 1997). In addition, ideas concerning Late Quaternary development of the 
Mississippi delta continue to be refined despite its extensive earlier coverage, (Penland, 
1997). Overall, the vast majority of delta studies have focused on those forming along 
passive margins. As understanding of delta systems increases, it has become clear that 
those forming along high-energy and tectonically active margins share both fundamental 
differences and similarities with existing passive margin models. For example, recent 
studies have shown that a significant part of the river's sediment may be trapped in the 
lower floodplain and subaerial delta plain, thus modulating the load reaching the coast and 
oceans (Dunne et al., 1998; Goodbred and Kuehl, 1998; 1999; Kesel et al., 1992; van 
Gelder et al., 1994). However, the major control on floodplain sequestration may differ 
among delta systems, such as compaction-driven accomodation in the Mississippi,
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immense lowland floodplains for the Amazon, and active tectonic subsidence in the 
Ganges-Brahmaputra (Goodbred and Kuehl, 1999).
In this paper, we report the results of a reconnaissance-scale investigation of the 
Ganges-Brahmaputra delta system, focusing on stratigraphy, controls, and development 
during the Late Quaternary. Our study of the Ganges-Brahmaputra delta reveals an example 
that differs considerably from current views of deltaic evolution and sequence formation, 
providing an important analog for ancient deltas formed in tectonically active settings.
Rapid accumulation of fluvial sediment, such as that driven by the high-load Ganges and 
Brahmaputra rivers, are also conducive to high-frequency sequence development (4th-order 
and higher; Boyd et al., 1989; Mitchum and VanWagoner, 1991). Furthermore, sediments 
accumulating along foreland margins are recognized as having a high probability of 
preservation, primarily as a result of tectonic subsidence (Posamentier and Allen, 1993).
Geologic Setting
The Ganges-Brahmaputra river (G-B) delta is situated in the Bengal Basin which lies in 
front of the Himalayan foredeep (Fig. 3-1). Since the Miocene, deltaic sediments have 
prograded from a northeast-trending hinge line (Fig. 3-1), accumulating 4 km-thick 
deposits adjacent to the hinge and increasing to > 10 km toward the modem shelf break 
(Lindsay et al., 1991). Beyond the shelf is the world’s largest fan deposit, the Bengal Fan, 
covering -  3 x 106 km2 and reaching -  12 km in thickness (Cuiray and Moore, 1971). The 
main sediment sources for the delta and fan are the Ganges and Brahmaputra rivers, which 
drain the foreslope and backslope of the Himalayas, respectively. These high-yield rivers 
are presently estimated to discharge about 109 t/yr of sediment combined, with an 
appreciable bedload component for the Brahmaputra (Milliman and Syvitski, 1992). River 
flow is highly seasonal in the region, with 80% of discharge occurring during the 4-months 
of SW Indian monsoon (Coleman, 1969).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
\  /B ang ladeslr^
Physiography (approx. elevation) 
Q  Modem flood basins (< 3 m)
I I Modem lowlands (3-7 m)
Q  Holocene uplift (5-10 m)
^  Pleistocene uplands (10-20 m) 
Tertiary uplands (> 100 m)
km 100
Figure 3-1. Regional map of the Bengal Basin showing physiography and geology of the 
Ganges-Brahmaputra delta and surrounding area. The tidal limit boundary 
delineates Upper and Lower Delta areas referred to in the text. Approximate 
extent of the subaqueous delta is shown on the shelf.
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The modem Bengal Basin is comprised of -  100,000 km2 of lowland floodplain and 
delta plain and is bound by Tertiary highlands of various origin (Fig. 3-1). The Shillong 
Massif bounds the Sylhet Basin in the northeast and overthrusts the basin along the poorly 
understood Dauki fault (Fig. 3-1; Johnson and Alam, 1991). Along the eastern Bengal 
Basin, the Tripura Range comprises folded sedimentary rocks that reflect compression at 
the Indo-Burman collision boundary, and west Bengal is bound by the trap-deposit 
Rajmahal Hills (Morgan and Mclntire, 1959). Within the Bengal Basin, the Madhupur 
Terrace and Barind Tract are uplifted alluvial deposits of Pleistocene age (Morgan and 
Mclntire, 1959), and neotectonic (Holocene) uplift is occurring north and south of the 
Madhupur Terrace (Fig. 3-1; Coates, 1990; Morgan and Mclntire, 1959). These uplifted 
surfaces also partition the lowland into sub-basins and in part control channel migration and 
course avulsion.
Offshore of the G-B subaerial delta, a subaqueous deltaic clinoform has been 
prograding on the shelf since ~ 7500 cal yr BP (Kuehl et al., 1997). The subaqueous delta 
covers -  40,000 km2 and is up to ~ 80 m thick at top of the foresets. The delta-front 
foresets are currently prograding seaward at a rate of 15 m/yr (Michels et al., 1998). 
Another major feature on the Bengal shelf is the Swatch of No Ground canyon system 
which incises within 30 km of the modem shoreline. The canyon serves as a conduit for 
transport of G-B sediment to the Bengal Fan, as large growth faults form along the canyon 
walls (>10°) and feed slump blocks to canyon floor and beyond (Kuehl et al., 1989; 1997). 
Sediment flux through the canyon has remained variably active throughout the Late 
Quaternary (Kudrass et al., 1998; Weber et al., 1997).
Methods
Boreholes were drilled at ten sites in the Bengal Basin (Fig. 3-2) using a hand-operated 
rig with a 2.5-cm dia. hollow-stem pipe and split-spoon sampler. Sediments (~ 200 g)
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Figure 3-2. Map showing location of borehole sites and transects for Figures 3-3 to 3-9.
Dashed line indicates tidal limit during low river discharge. This boundary 
roughly delineates the Upper and Lower Delta areas referred to in the text.
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were collected at 1.5 m intervals up to 90-m depth. Sediment grain size was measured for 
each sample by rapid sediment analyzer for the sand fraction and by pipette analysis for 
muds. Thirteen radiocarbon dates were obtained from organic material and calibrated using 
CALIB 3.0 (Stuiver and Reimer, 1993). Results are summarized in Table 3-1, and all ages 
in the text are reported in calibrated sidereal years (cal yr BP) unless otherwise noted. 
Additional stratigraphic data were compiled from published articles, reports, and 
unpublished sources, including drill company logs.
Stratigraphy and Facies Descriptions
Locations of all transects and boreholes used herein are displayed in Figure 3-2.
Specific boreholes discussed in the text are labeled “BH-#” for this study or “MU-#” for 
the cores of M. Umitsu (1987; 1993). In addition, due to variability in data gathered from 
other sources, the stratigraphy and sediment character of these sites are presented in several 
formats. Boreholes collected for this study (“BH-#”) are reported with a plot of percent 
sand/silt/clay. Quantitative textural data were unavailable for other boreholes, and these 
sites are presented only with median grain size. Patterns and symbols are consistent among 
the figures and are keyed for each, although different data may be presented (e.g., mud vs. 
silt and clay).
Southern Bengal Stratigraphy
Two major sedimentary facies are evident at the base of the boreholes within the Late 
Quaternary stratigraphy, the Oxidized facies and the Clean Sand facies (Table 3-2). The 
Oxidized facies consists of stiff silty clays oxidized brown to orange in color and is 
distributed locally throughout the region at depths of 10-45 m (Fig. 3-3; MU-1).
Underlying these muds, up to 10 m of weathered, iron-stained, heavy mineral-deficient 
sands are also part of the Oxidized facies. In MU-1, Umitsu (1993) dated wood at and
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Lab Sample No. Site Latitude
(°N)
Longitude
(°E)
Depth
(m)
Altitude#
(m)
Material 8,3C*
(% o)
Radiocarbon age 
(yr BP *  error)
Calibrated age 
(cal yr BP)
2 a age range 
(cal yr BP)
Beta-122144 vibracore 22° 37' 90° 08' 3.3 1.3 peat -25 2120*70 2086 1896-2319
OS-163541 BH-1 22° 38.8' 89° 47.4' 35.0 -33.0 plant -25 6940 *  35 7703 7644 - 7869
OS-17069f BH-1 22° 38.8' 89° 47.4' 56.4 -54.4 wood -27.65 8250 *  40 9219 8997-9375
OS-16353t BH-2 22° 45.3' 90° 18.6' 32.0 -30.0 wood -25 7620 ± 60 8374 8214-8490
Beta-122146 vibracore 22° 53' 89° 37' 4.3 2.3 peat -25 4770 ± 70 5525 5316-5646
OS-16750t BH-7 24° 02.5' 91° 03.0' 30.5 -27.5 wood -27.18 6660*110 7493 7290 - 7655
CAMS-38057t BH-8 24° 32.9' 91° 13.5' 22.9 -19.9 plant -25 5740 *  50 6506 6413-6671
CAMS-380581 BH-8 24° 32.9' 91° 13.5' 39.6 -36.6 plant -25 6320 *  70 7212 7026 - 7377
CAMS-30733t BH-8 24° 32.9' 91° 13.5' 58.0 -55.0 wood -25 9390 *  60 10367 10,169-10,790
Beta-122145 vibracore 24° 43.9' 90° 46.0' 5.5 1.5 peat -25 3810*60 4207 3987 - 4408
OS-16749f BH-9 24° 56.4' 91° 24.2' 22.9 -19.9 wood -25 5480 *  40 6289 6195-6387
OS-16752f BH-9 24° 56.4' 91° 24.2' 38.1 -35.1 plant -28.34 5560 *  90 6378 6186-6519
OS-167511 BH-9 24° 56.4’ 91° 24.2' 73.2 -70.2 wood -28.62 9150* 100 10042 9941 -10,359
Labs: OS, Woods Hole Oceanographic Institute; CAMS, Lawrence Livermore National Laboratory; Beta, Beta Analytic Inc. 
t  AMS method
#estimated
‘relative to PDB standard; values of -25%o are assumed
TABLE 
3-1. Sum
m
ary 
of radiocarbon 
dates.
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Facies Distribution Lithology Color Thickness Depth to Top Organics/Fossils Period of Deposition Interpretation
Oxidized
locally throughout, 
particularly adjacent to 
exposed uplands
generally stiff muds 
underlain by clean, medium 
quartzose sands
yellow-brown 
to orange 5-10 m
surface to 
-45 m
seeds (BH-8), 
gastropod shell 
(BH-7)
pre-Holocene lateritic uplands of lowstand exposure
Clean Sand
widespread basal unit; 
present where oxidized 
facies is absent
clean, fine to medium sands 
with abundant micas and 
heavy-minerals
gray >20m 30-65 m occasional shell fragments
prior to 
-8500 BP
lowstand alluvial 
valley channel fill
Lower Delta# 
Silt
widespread in 
southcentral Bengal 
Basin
silt-dominated sediments 
with 15-35% ciay and 0-35% 
fine sand
brownish
gray
20-25 m 
(7  m in BH-2) 16-40 m
wood and organic 
fragments In MU-1, 
BH-1,2; common 
intertldal/marine shell
-12,000 to 
-7500 BP
coastal plain and 
delta front deposits
Muddy Sand
widespread in 
southcentral Bengal 
Basin
variable fine sand- 
dominated sediments with 
25-80% muds
brownish
gray
30-35 m 
(tOmin MU-t) 4-7 m
occasional organics 
and shell fragments 
below 23 m
-8000 to 
-3500 BP
estuarine, 
distributary-mouth 
channel deposits
Fining-up
Sand
along modem Ganges 
and Brahmaputra 
channels and western 
Sylhet Basin
dean coarse/medium sands 
fining upwards to clean fine 
sands; abundant micas and 
heavy minerals present
gray 15-35 m (to 80 m in BH-5) 5-25 m
uncommon) organic 
and shell fragments
after -10,000 
BP; multiple 
sequences
major channel fill 
sequence
Upper Delta# 
Silt
Sylhet basin; also thin 
deposits along 
Brahmaputra channel
variable silt-dominated 
sediments with 0-70% sand 
and 5-90% clay
brown-gray to 
blue-gray
60-80 m in 
Sylhet; 3-7 m 
elsewhere
surface in 
Sylhet; 20-40 m 
elsewhere
uncommon organic 
fragments
-10,000 BP to 
present
abandoned 
floodplain and distal 
basin deposits
Surface Mud
floodplain environments 
throughout, absent near 
active fluvial channels
variable soft, muddy 
sediments with occasional 
fine sands
brown to gray- 
brown 2-7 m surface
occasional organic 
and shell fragments; 
peats in local flood 
basins
- 5000 BP to 
present
recent overbank 
floodplain deposits
# Upper and Lower Delta roughly designate areas north and south of present tidal influence (see Fig. 3-1)
-JLh
TABLE 
3-2. Sum
m
ary 
of facies character and 
interpretation.
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pth
 
(m
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West
-170 km
East South
MU-1 (Umitsu, 1993) BH-1 BH-2 BH-3
Fe-3460 4770 *-7382
-7857
-8238
U tto n n a  sp 
7703 _
B
-9906
9917
_14,004
14,398
oxidized
surface
- urchin 
test
Grain Size Kev
■"-=-*-* scale: 0-100% w t .
■  clay 1 orgamcs
□  silt ♦  Peat
E3 fine sand &  wood
(3 medium sand
Symbols Kev 
❖ non-marine shell ■'v ' unconformity
■fr intertidal shell 5678 radiocarbon date (cal yr BP)
+  marine shell *  peat; nearby VIMS vibracore
4c plankontic diatoms nearby peat (Brammer, 1996)
Interpreted Environment 
A - alluvial valley (lateritic upland in MU-1) C - migrating fluvial channels
B - mangrove coastal plain (nearshore in BH-3) D - floodplain /  abandoned delta plain
Figure 3-3. Stratigraphic cross-section of the southern Ganges-Brahmaputra delta (data
from this study, except where noted). The lowstand laterite surface is found in 
the central basin (MU-1), but the incised alluvial valley of the Brahmaputra 
river is revealed by the deep sand sequences to the east. Initial delta growth in 
the early Holocene is shown by the sharp transition into fine-grained muds 
with wood and marine fossils (MU-1, BH-1, BH-3). Continuous deposition 
of this unit through the early Holocene suggests relative coastal stability during 
this period of rapid sea-level rise. Continued sand deposition at BH-2 indicates 
channel stability until the mid Holocene, when slowing sea-level rise favored 
channel migration and widespread sand dispersal across the coastal plain (BH- 
1) and nearshore (BH-3).
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below the top of this unit (~ 45 m) to ~ 14,000 cal yr BP. Where this facies is absent in the 
borehole stratigraphy, basal sediments are dominated by gray, micaceous, heavy mineral- 
rich sands that coarsen to the north (upstream) from fine to medium and coarse sand 
textures. These deposits are described as the Clean Sand facies, and radiocarbon dates 
within or just above the unit indicate deposition prior to -  9000-10,000 cal yr BP.
In the southern Bengal Basin, three facies overlie the Oxidized and Clean Sand units, 
including the Lower Delta Silt, Muddy Sand, and Surface Mud facies (Fig. 3-3). The 
deepest deposit is the -  20-m-thick Lower Delta Silt that commonly contains wood and 
shell fragments (MU-1, BH-1, 3). Umitsu (1993) reports common wood fragments 
present with both a fauna of intertidal mollusks and planktonic marine diatoms. This facies 
in BH-1 also contains wood, with organic fragments (<1% bulk OC) and peat present in 
the upper part. To the south in BH-3, organics are absent in the facies, but shell fragments 
including a Ciduroida (urchin) test were found in the lower part of the deposit.
Radiocarbon dates bracket deposition of the Lower Delta Silt from -  9500 to 8000 cal yr 
BP at the BH-1 site, whereas Umitsu’s dates indicate deposition from -  12,000 to 7500 cal 
yr BP at the MU-1 location. In BH-2, the facies is present from 25-30 m depth, and 
transition from the underlying Clean Sand dates ~ 8400 cal yr BP.
The Muddy Sand is a texturally variable facies that generally overlies the Lower Delta 
Silt, extending upward to 5-7 m below surface. The facies is relatively homogeneous in 
BH-1, but fine sand content is variable in BH-3 to the south. Some organics are found in 
the lower part of the Muddy Sand facies, and radiocarbon dates suggest deposition 
beginning after 7500-8000 cal yr BP (35 m, BH-1; 16 m, MU-1). Overlying the Muddy 
Sand, near-surface deposits in the southern G-B delta are widely associated with a 5-7 m- 
thick capping mud here called the Surface Mud facies. It differs from the similar Lower 
Delta Silt in generally lacking preserved organics, wood, or shells, although peat layers do 
alternate with the mud deposits in local basins. Dates from peat layers at 3-5 m depth range 
2000-5000 cal yr BP.
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A generalized cross-section of the southern delta reveals sand-dominated sequences 
adjacent to the fine-grained stratigraphy in the central basin (Fig. 3-4; MPO, 1987).
Toward the east, muds interfinger with these sands before grading into a more 
homogenous, fine-grained sequence along the Tripura Range. On the northern Comilla 
Terrace, the Oxidized facies shallows to 4-12 m below surface and is overlain by silty 
Surface Mud deposits with scattered peats and wood layers (Fig. 3-5). In the west-central 
Bengal Basin, a transect extending south from the Ganges river shows the Clean Sand and 
Fining-up Sand facies to > 100 m depth (Fig. 3-6). Little detail is known of these deposits, 
but the stratigraphy contrasts with fine-grained sequences to the east (e.g., MU-1) and west 
(Fig. 3-7). Near the Hooghly river, the Surface Mud facies is up to 13 m thick and directly 
overlies the shallow Oxidized facies (Coulson, 1940). The Surface Mud consists of 
alternating peat and clay layers, and radiocarbon dates indicate ages from 6500-7500 cal yr 
BP at 6-12 m depth and 2000-6000 cal yr BP in the upper 5 m (Baneijee and Sen, 1987). 
Several paleobiological studies identify an influx of salt-tolerant plants, intertidal mollusks, 
and littoral foraminifera in the stratigraphy ~ 7800 cal yr BP, with a return to freshwater 
assemblages ~ 5800 cal yr BP (Baneijee and Sen, 1987; Gupta, 1981; Vishnu-Mittre and 
Gupta, 1970).
Central Bengal Basin and Sylhet Basin Stratigraphy
Near the modem G-B confluence, a thick (80 m) sequence of Fining-up Sands 
underlies the shallow Surface Mud facies (BH-5; Fig. 3-8). Northward along the 
Brahmaputra, a similar sequence is found to 82 m in MU-2, and an underlying gravel unit 
was dated ~ 28,000 ,4C yr BP at 112 m depth (Umitsu, 1987). East of the modem 
braidbelt (MU-3), coarse Clean Sands with gravel are found at -  50 m depth and are 
overlain by the Fining-up Sand facies, ending -  25 m depth at a 3 m-thick silt layer 
(Umitsu, 1993). The silt layer is part of the Upper Delta Silt facies, and in this region is 
characterized by its small thickness (< 5 m) and sharp bounding by sandy sediments.
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Figure 3-4. Stratigraphic cross-section of wash-borings data from the southern Ganges-
Brahmaputra delta (after MPO, 1987). Location shown in Figure 3-2. Note the 
coarse basal sediments of the lowstand surface. Two thick sand sequences are 
apparent in the west and central Bengal Basin, presumably corresponding to 
the incised alluvial valleys of the Ganges and Brahmaputra rivers, respectively.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
W est
£  5 -Q_
®TJ
10 -
15
"1 3 0 9  \
_ 6079 '
7319 '
dated i 
peats from ' 
Brammer 
(1996); 
stratigraphy 
not known
15 km- E ast
T T
floodplain deposits
paludal
d ep o sits /
v-v
asj
lowstand laterites
K B elay  m  fine sand 4  peat 14C d a te
□  silt 0  medium sand  &  wood 3456 (cal yr BP)
Figure 3-5. Shallow stratigraphic cross-section from the Meghna floodplain east to the
Comilla Terrace (data from Swissboring Overseas Corp. Ltd. except as noted). 
Location shown in Figure 3-2. Note shallowing of lowstand laterites toward 
Bengal Basin margins. Accumulation of peats and organic-rich paludal 
deposits during the mid Holocene reflects trapping of Brahmaputra sediment in 
the Sylhet Basin and starvation of the eastern coastal plain. Radiocarbon ages 
from Brammer (1996) used to indicate probable mid-HoIocene age of these 
sediments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
North  ---------- 140 km-------- - South
7 Z 7 7 Z Z W ^ M ^ %
w’ • • •  ,* • .*> aft channel £
deposits %  £
75jf//hate ’towstand svirt^S?
KEY sandy mud £§SjL medium sand  
  0  fine sand  sB§3 coarse sand
Figure 3-6. Stratigraphic cross-section of wash-borings data from the central Ganges- 
Brahmaputra delta (after MPO, 1987). Location shown in Figure 3-2. Note 
coarse basal sediments of the lowstand surface overlain by a thick, 
uninterupted sand sequence. This transect is believed to follow the lowstand 
alluvial valley of the Ganges river. Sequence thickness and absence of fine­
grained deposits suggest long-term occupation of this channel through most of 
the Late Quaternary.
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Figure 3-7. Nearby shallow stratigraphic sections from the western margin of the Ganges- 
Brahmaputra delta (data from Baneijee and Sen, 1987). Holocene sediment 
cover is relatively thin in the western Bengal Basin, a conclusion supported by 
deeper borings (Coulson, 1940) showing lowstand laterites at < 15 m depth. 
The abundance of peats suggests that this area has never received major 
Ganges sediment input.
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Figure 3-8. Stratigraphic cross-section from the Atrai Basin across modem Ganges and 
Brahmaputra channels (data from this study, except where noted). Holocene 
sediments are very thin in the Atrai Basin, suggesting shallow southward 
extension of the Barind Tract. Adjacent to this feature are thick fining-up 
fluvial sand sequences of the Brahmaputra river (MU-2, 3). The thin silt layer 
in MU-3 is believed to reflect a Brahmaputra avulsion to its alternate course 
along the eastern Madhupur Terrace (see also Fig. 3-9).
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Overlying the silt layer is a second Fining-up Sand sequence extending to 4 m-depth at the 
Surface Mud facies. In the Atrai Basin bordering the Barind Tract, the stratigraphy of BH-4 
contrasts with these nearby sandy deposits with ~ 10 m of stiff Surface Mud clays 
overlying the shallow Oxidized facies.
In the Sylhet Basin, deposits overlying the Oxidized and Clean Sand facies reveal two 
distinct stratigraphies (Fig. 3-9). Along the former Brahmaputra river course (BH-6,7, 10) 
are fine- to medium-grained clean sands punctuated by silt deposits -  5m  thick. In BH-7, 
this sequence begins with the Clean Sand facies at the core bottom (90 m) and grades into 
the Fining-up Sand facies, ending at a sharp transition into an Upper Delta Silt layer at 45 
m. In BH-6 and BH-10, this Fining-up Sand sequence overlies the Oxidized facies at 30 m 
and 45 m and terminates at Upper Delta Silt deposits at 9 m and 23 m, respectively. A 
similar Fining-up Sand sequence is repeated in BH-7 and BH-10 up to the Surface Mud 
facies. Little organic or shell material are preserved in these deposits, but a wood fragment 
recovered from the middle of the Fining-up Sand facies in BH-10 dates -  7500 cal yr BP.
In the Sylhet Basin interior (BH-8, 9), the general stratigraphy comprises a thick, 
heterogeneous sequence of Upper Delta Silts overlying basal Clean Sands. Sand and clay 
contents in the Upper Delta Silts vary widely (2-90%) with shifts occurring at small 
intervals (< 5 m), although these changes are difficult to correlate between BH-8 and BH- 
9. Little organic matter (< I % bulk OC) is preserved in these fine-grained sediments, 
except for a shallow peat at 7 m in BH-9. Four radiocarbon dates from 23-40 m gave ages 
ranging closely from 6300-7200 cal yr BP.
Discussion
Facies Interpretations
Oxidized facies. — Stiff, orange to brown sediments locally found in the Bengal 
subsurface are interpreted as weathered paleosols of the Late Pleistocene lowstand.
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Figure 3-9. Stratigraphic transect through the Sylhet Basin region of the Ganges-
Brahmaputra delta (data from this study, except MU-4 after Umitsu, 1987). 
Location shown in Figure 3-2. Edges of the basin revealed by the lowstand 
laterite surface in BH-6 and BH-10. Sandy sequences along the western 
margin (MU-4, BH-7) are channel deposits from a paleo- Brahmaputra course. 
Interspersed silt layers indicate successive abandonment and reoccupation 
during the Holocene. Thick, fine-grained sequences in the central Sylhet (BH- 
8 and BH-9) indicated long-term floodbasin deposition fed by the periodic 
Brahmputra input. Eastward fining textures (BH-7 to BH-9) reflect increased 
distance from fluvial sediment source. The thickest Holocene sediments in the 
Ganges- Brahmaputra delta are found in the northern Sylhet Basin (BH-9).
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Long-term subaerial exposure of these laterites is indicated by the absence of micas and 
heavy minerals that have been weathered to > 5 m below the oxidized surface, leaving only 
altered clays and iron-stained quartz sands. The surface also serves as the Stage-1 sequence 
boundary that is overlain by latest Pleistocene and Holocene sediments.
Clean Sand facies. — Clean, fine to coarse, gray sands found in the lower stratigraphy 
are believed to be channel fill of lowstand and early transgressive alluvial valleys. The 
deposits coarsen in an upstream direction (e.g., BH-3,2,5, MU-2), and basal gravels at 
some sites indicate the lowstand sequence boundary (Umitsu, 1993). Basal sediments were 
not found in BH-2,3, or 5 and are believed to be deeper than the 90-m core bottom. 
Distribution of the Clean Sand and Oxidized facies helps delineate the extent of lateritic 
uplands and active alluvial plains during the lowstand.
Lower Delta Silt facies. — In the south-central Bengal Basin, sharp transition from the 
basal Oxidized and Clean Sand facies into fine-grained sediments indicates major change in 
the local depositional environment during the early Holocene. Marine and intertidal shells in 
these sediments record the first influence of rising sea level and inundation of the lower 
alluvial valley. The added presence of wood in the Lower Delta Silt facies (MU-1, BH-1) 
indicates coastal plain development and local colonization of mangrove flora (Untawale and 
Jagtap, 1991). To the south in BH-3, no wood is found in the unit and the presence of 
urchin shell fragments suggests transgression of this area. Though sedimentary 
characteristics are similar throughout the Lower Delta Silt facies, variability in the biological 
components prompts broad interpretation to include coastal plain and nearshore 
environments.
Muddy Sand facies. — The Muddy Sand facies sharply overlies the Lower Delta Silt 
and indicates a return to widespread sand distribution as in the earliest Holocene. The 
continued presence of organics and intertidal shells in the lower part of the facies, however, 
suggests a gradual environmental transition. The unit is finer grained than the Clean Sand 
facies indicating lower flow conditions, and the variable grain-size distribution (e.g., BH-
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3) suggests thalweg migration and increased channel mobility. The Muddy Sand facies is 
interpreted to represent change from vertical aggradation to horizontal distributary-mouth 
progradation across the coastal plain and nearshore.
Firting-up Sand facies. — In the upper Bengal Basin, the stratigraphy is dominated by 
sand sequences that generally decrease from medium to fine-sized sediments and end with 
sharp transition into the Upper Delta Silt facies (see below). The sands are presumed to be 
fluvial channel deposits that fine-upward due to thalweg migration or gradual course 
abandonment. The repeated nature and sharply bound terminus of these channel sequences 
indicates successive course avulsions and reoccupation during the Holocene.
Upper Delta Silt facies. —The fine texture of these variable, silt-dominated sediments 
indicate low-flow conditions, which suggests that the Upper Delta Silt facies represents 
distal floodbasin deposits fed by low-order channels or offtakes of the Brahmaputra river. 
Along the eastern and western Brahmaputra courses, the successive Upper Delta Silt layers 
that separate Fining-up Sand sequences are thought to be deposited when the river switches 
course to the opposing side of the Madhupur Terrace. In the central Sylhet Basin, sands 
that interfinger with the Upper Delta Silt facies are believed to be splay, overbank, or sub­
delta deposits from the eastern Brahmaputra channel course. The overall thickness of the 
Upper Delta Silt facies in this area also indicates the Sylhet’s long history as a floodbasin.
Surface Mud facies. — The Surface Mud facies comprises fine-grained sediments that 
presently cap coarser underlying sequences throughout the Bengal Basin. These deposits 
are overbank sediments of the modem and recent floodplain system and preserve a high- 
resolution record of deposition for the past 5000 years. Alternating peats and ciays in the 
lower delta plain muds, and locally in the Sylhet Basin, demonstrate high-frequency change 
in the low-order streams that deliver sediments to these distal regions.
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Delta Evolution
Early Development: 11,000-7000 cal yr B P . — The Bengal Basin comprised incised 
alluvial valleys and exposed lateritic uplands during the last sea-level lowstand (Fig. 3- 
10A), when the Ganges and Brahmaputra rivers flowed into the Swatch of No Ground 
canyon and fed sediment directly to the deep-sea Bengal Fan (Emmel and Curray, 1984).
By -  14,000 cal yr BP, climatic warming led to final Himalayan deglaciation, and the 
Southwest Indian monsoon subsequently developed by ~ 11,500 cal yr BP (Gasse et al., 
1991). Enhanced meltwater production and precipitation during this period was concurrent 
with rapid fan sedimentation from -  15,100 to 10,950 cal yr BP (Weber et al. 1997). 
Onshore, tectonic accommodation and stream gradient adjustment favored accretion of the 
Clean Sand facies in the alluvial valleys, but the capacity to trap sediment was apparently 
limited with respect to the immense discharge.
By 10,000-11,000 cal yr BP a major transition had occurred in the southern Bengal 
Basin with the fine-grained Lower Delta Silt facies being widely deposited over the 
lowstand Oxidized and alluvial Clean Sand units. Eustatic sea level had risen to -45 m by 
this time (Fairbanks, 1989; Blanchon and Shaw, 1995) and intersected a large portion of 
the lowstand basin surface, causing backflooding, extensive sediment trapping, and initial 
establishment of the Ganges-Brahmaputra delta system (Fig. 3-10B). Timing of this shift 
also corresponds with a sharp decrease in fan sedimentation after -  11,000 cal yr BP 
(Weber et al., 1997) and indicates rapid onshore migration of the main depocenter. The 
Lower Delta Silt facies, representing intertidal, mangrove, and nearshore environments, 
dominated strata deposition in this newly formed coastal plain. This setting persisted with 
little apparent change for the next 2000-4000 years and indicates relative shoreline stability 
during this period in which sea-level rose 30-35 m at a mean rate of ~ 1 cm/yr (Fig. 3- 
I0C).
In addition to sediments trapped at the shoreline during the early Holocene, major 
fluvial and basin fill sequences were accreting throughout the upper Bengal Basin. Clean
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Figure 3-10. Paleogeographic maps illustrating the Late Quaternary development of the 
Ganges- Brahmaputra delta. See text for further discussion. (A) Lowstand 
system consisted of exposed laterite surfaces and incised alluvial valleys. (B) 
Initial phase of delta growth as rising sea level backflooded a large portion of 
the lowstand delta surface. (Q  Major aggradation of subaerial delta. (D) 
Progradation of Ganges coastal plain while Brahmaputra load sequestered to 
inland Sylhet Basin. Initial growth of subaqueous delta on the shelf. (E) 
Continued progradation of subaerial and subaqueous deltas as rivers 
discharge to eastern coast. (F) Delta similar to modem system, prograding 
into modem river mouth estuary and on the shelf.
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Sand and Fining-up Sand sequences continued to be deposited in the central alluvial 
valleys, as well as sequestered to the backflooded Sylhet Basin from ~ 11,000 to 9000 cal 
yr BP. Fine-grained Upper Delta Silts blanketed the Sylhet after -  9000 cal yr BP and 
suggest that the Brahmaputra flowed along its western course from this time until ~ 7500 
cal yr BP, discharging the majority of its load to the coast. Bypassing of inland tectonic 
basins likely helped maintain shoreline stability during the last phase of rapid sea-level rise, 
but it also apparently resulted in a major deficit between accommodation and accretion in 
the Sylhet hi addition, Blanchon and Shaw (1995) find evidence for a catastrophic sea- 
level rise of ~ 6.5 m at 7600 cal yr BP that may have enhanced this accommodation surplus 
in the Sylhet. Despite relative basin deepening, though, lack of evidence for marine 
inundation implies that the narrow corridor connecting the Sylhet to the Bay of Bengal was 
infilled or remained above sea level during this period.
Late Development: 7000 cal yr BP to Present. — When the rate of sea-level rise 
slowed ~ 7000 cal yr BP, maximum transgression was reached in the western Bengal 
Basin (Baneijee and Sen, 1988; Umitsu, 1993) and the delta changed from an 
aggradational to progradational system (Fig. 3-10D). Alluvial valleys and upstream 
channels rapidly infilled with reduced accommodation production, leading to course 
avulsions, channel migration, and widespread sand dispersal. At the site of BH-2, a long- 
occupied river channel was permanently abandoned about this time and the Fining-up Sand 
facies is replaced by the Lower Delta Silt and Surface Mud facies. In adjacent areas, the 
coarser Muddy Sand fluvial deposits prograded over the forested coastal plain and into the 
nearshore.
As the main fluvial depocenter migrated seaward, more of the river’s suspended load 
was forced onto the shelf, leading to growth of a muddy submarine delta by -  7,500 cal yr 
BP (Kuehl et al., 1997). This marks initial development of the modem compound delta 
system with prograding subaerial and subaqueous clinoforms. In BH-3, the Muddy Sand 
deposits are presumed to be topsets of the subaqueous delta, and the underlying Lower
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Delta Silt may represent incipient inner-shelf foresets. Further correlation between these 
subaerial and subaqueous delta components is hindered by a lack of subsurface data from 
the transitional inner shelf. Concurrent with delta growth on the shelf, shoreline 
progradation continued in the western Bengal Basin and approached its present extent by ~ 
5000 cal yr BP (Fig. 3-10E). Coastal peats formed in the Surface Mud facies after this time 
and indicate abandonment and eastward migration of the active Ganges distributaries 
(Baneijee and Sen, 1988; MPO, 1987; this study).
In the Sylhet Basin, very rapid infilling (> 2 cm/yr) ensued from ~ 7500 to 6000 cal yr 
BP when the Brahmaputra river switched to its eastern course and drained into this large, 
deepened basin. Slow sea-level rise, channel siltation, and a steep gradient into the Sylhet 
likely triggered the avulsion, which is recorded by a sharply bound Upper Delta Silt layer 
along the abandoned western course (MU-3). On the eastern coastal plain south of the 
Sylhet, wood fragments and peat indicate slow sedimentation in this area from ~ 7400 to 
6000 cal yr BP (Fig. 3-5). Extensive shallow (< 7 m) estuarine mud deposits in this region 
also suggest limited delta growth at this time (Brammer and Brinkman, 1977). The lack of 
major sediment input in the east contrasts with progradation of the western Bengal 
coasdine, and we presume that much of the Brahmaputra load was sequestered to the 
Sylhet Basin causing maximum transgression to occur 1000-2000 years later in the east.
Between 5000-6000 cal yr BP, the Brahmaputra appears to have switched back to its 
western course (Fig. 3-10E), indicated by renewed sand deposition along this former 
channel and deposition of a silt layer in the western Sylhet. Also, peat horizons in the 
eastern and western Sylhet correspond to this time (4719 and 4207 cal yr BP, respectively) 
and support a lack of significant sediment input (Umitsu, 1993). With this Brahmaputra 
course change and eastward migration of the Ganges, the two rivers may have first joined 
in the Holocene near their present courses (Fig. 3-10F). Delta growth after 5000 cal yr BP 
largely occurred in east Bengal near the modem river mouth estuary, prograding seaward 
through the present. At least one other Brahmaputra avulsion cycle occurred, depositing the
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upper sand sequence in the Sylhet before changing to its western course -1 5 0  years ago 
(Fergusson, 1863). With limited accommodation in the Sylhet during the latest Holocene, 
most of the load is presumed to have bypassed to the coast. Offshore, the subaqueous delta 
prograded continuously since ~ 7500 cal yr. BP, with base of the foresets reaching the -  
80-m isobath at present (Kuehl et al., 1997; Michels et al., 1998).
Implications for delta models
Early Delta Formation
In a compilation of published data, Stanley and Wame (1994) compared the timing of 
initial Holocene development for 36 deltas in different parts of the world, finding that their 
formation began between 7400-9500 cal yr BP, with a mean of -  7800 cal yr BP. They 
concluded that widespread delta growth at this time was a result of decelerating post-glacial 
sea-level rise, a viewpoint that is now widely held and generally valid. However, new data 
from the G-B indicate that it differs somewhat from this model. In their paper, Stanley and 
Wame included the G-B system using Umitsu’s 7857 cal-yr-BP date from MU-1 as base 
of the delta sequence. Data from our study help reveal that this dated horizon actually 
corresponds to maximum transgression in the G-B and heralds the subsequent onset of 
rapid delta progradation. Whereas this response corresponds to initial formation for many 
delta systems, the G-B delta underwent a long phase of stable aggradation prior to this time 
and suggests a much earlier date for initial delta development.
By identifying the distinct transition from transgressive sands into muddy, organic-rich 
deltaic sediments (see Stanley and Wame, 1994), widespread change from the basal 
Oxidized (MU-1) and Clean Sand facies (BH-1, 3) into the organic-rich, marine-influenced 
Lower Delta Silt clearly marks initiation of G-B delta growth. A wood fragment recovered 
1 m above this horizon in MU-1 dates -  14,000 cal yr BP and indicates initial delta 
formation after this time. In the same core, a wood fragment and an intertidal mollusk shell
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-  10 m above the horizon each date -  9900 cal yr BP (Umitsu, 1993). In BH-2, a wood- 
fragment - 3 m  above base of the delta sequence dates 9219 cal yr BP. These ages indicate 
that delta growth had commenced by at least 10,000 cal yr BP and reasonably by 11,000 
cal yr BP. In fact, older dates might be expected from a more seaward location as Stanley 
and Wame (1994) found for the Nile delta system.
Based on these findings, development of the G-B delta in the early Holocene precedes 
the global mean by 2000-3000 years and other early forming deltas by ~ 1000 years. This 
time corresponds to the final phase of rapid eustatic rise (> 1 cm/yr), conditions largely 
unsuited for delta formation. For further comparison, other delta systems that developed 
prior to ~ 8500 cal yr BP are almost exclusively situated in small semi-enclosed or low- 
energy basins that contrast with the incised, high-energy, macrotidal Bengal margin (e.g., 
Fraser, Mississippi, Rhine, Nile, Volga, Tigris-Euphrates; see Stanley and Wame, 1994 
and references therein). We believe the main factor that distinguishes the timing of G-B 
delta formation from these and other deltas systems is the immense sediment discharge, 
which allows deposition to keep pace with rapid accommodation production in the early 
Holocene.
Tectonics and Subsidence
Evidence from the Ganges-Brahmaputra delta. — The G-B delta is situated in the 
structurally complex Bengal Basin and is broadly bound by the active Himalayan thrust belt 
to the north and Indo-Burman fold belt to the east (Reimann, 1993). In this setting, active 
tectonic movements of various origin affect sediment dispersal and redistribution, river 
courses, and accommodation production. Although evidence abounds for vertical motions 
caused by isostatic loading, overthrust faulting, and compressional forces, the net rates and 
distribution of these processes are poorly constrained (Alam, 1996; Coates, 1990; Coates et 
al., 1988; Johnson and Alam, 1991; Morgan and Mclntire, 1959).
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Radiocarbon dates from this study, when plotted against eustatic sea level, show an 
offset o f-15-35 m in certain areas, mainly in the southcentral delta and northcentral Sylhet 
Basin (Fig. 3-11). Because ages younger than ~ 11,000 cal yr BP correspond to the period 
of G-B delta formation, the associated sediments were presumably deposited within ~ 5 m  
above sea level based on their facies association. Thus, we infer that the observed offset 
from sea level reflects relative movement and can be used to hindcast subsidence. To assess 
this process, paleo-elevations were calculated assuming a 2-4 mm/yr subsidence rate and 
were plotted on Figure 3-11 (hatched area). Results suggest that actual subsidence rates are 
within this 2-4 mm/yr range for the central coastal plain (BH-1) and Sylhet Basin (BH-8,
9). The particular cause of these movements is not known but likely results from several 
overprinted signals. However, unlike many other deltas, compaction is not believed to be a 
major source of subsidence because of the coarse-grained stratigraphy and seasonal 
subaerial exposure and desiccation of recently deposited sediments.
On the coastal plain, rapid subsidence at the site of BH-1 appears to be somewhat 
localized, as deltaic deposits dated from MU-1 located -  50 km northeast are offset by only 
-  5 m. This 5-m difference may reflect isostatic response to sediment loading.
Furthermore, structural maps show the MU-1 and BH-1 sites to lie on opposite sides of a 
major northeast-trending fault system (Agarwal and Mitra, 1991). BH-2 also lies along this 
fault strike (downthrown block?), and a date of 8400 cal yr BP offsets eustatic sea level by 
~ 10 m (Fig. 3-11). Although tectonic motions are not well constrained for this region, the 
fault zone might explain the observed differential movement between the MU-1 and BH-1 
sites. Along the Hooghly river to the west, all radiocarbon dates (compiled in Baneijee and 
Sen, 1987) plot slightly above eustatic sea level and support tide gauge data suggesting 
relative stability (Emery and Aubrey, 1989).
In the Sylhet Basin, tectonic subsidence has been active since the Miocene due to 
overthrusting of the Shillong Massif, with a mean Plio-Pleistocene rate of ~ 1 mm/yr 
(Johnson and Alam, 1991). Sediment thicknesses also increase toward the Dauki fault and
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Figure 3-11. Plot of calibrated radiocarbon ages from the Bengal Basin against eustatic sea- 
level (after Fairbanks, 1989 and Edwards et al., 1993). Dates from the 
southcentral delta and Sylhet Basin offset 15-35 m below eustatic sea level 
(BH-1, 8,9). Facies association for these dates suggest deposition close to 
sea level, and the offset is presumed to represent tectonic subsidence in the 
delta.
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imply greater subsidence in the northern region. Radiocarbon data from BH-8 and BH-9 
reflect this process and suggest more rapid rates of 2-4 mm/yr during the Late Quaternary 
(Fig. 3-11). Greater offset of the BH-9 elevation curve also supports higher subsidence 
rates to the north toward the Shillong Massif. The concave-up shape of the Sylhet elevation 
curves presumably results from episodic sedimentation caused by avulsions of the 
Brahmaputra river. Therefore, if the Sylhet was sediment starved in the mid-HoIocene as 
the borehole stratigraphy suggests (see earlier discussion), then the middle dates may have 
been deposited below sea level making 4 mm/yr a maximum rate. Alternatively, the rapid 
mid-Holocene sedimentation rate could reflect a major tectonic event and vertical fault 
movement of several meters. In contrast with active subsidence in the central Sylhet, 
geomorphological evidence such as incised stream channels in adjacent areas to the 
northwest and south (Comilla Terrace) indicate relative uplift in the Holocene (Morgan and 
Mclntire, 1959; Coates, 1990; Coates et al., 1988; Morgan and Mclntire, 1959). These 
findings are similar to the differential movement observed in the lower delta and 
demonstrate the complexity of tectonic motion in the Bengal Basin.
Tectonics in Delta Systems. — Tectonic processes are a major influence on sediment 
dispersal and strata formation in most deltaic settings (Morgan, 1970), and many large 
deltas are presently undergoing subsidence due to isostadc loading and sediment 
compaction (Milliman and Haq, 1996). On the shelf, where fine-grained sediments are 
rapidly deposited along the steep delta front, synsedimentary deformation such as growth 
faults, diapirism, and mass wasting frequently result (Coleman et al., 1983). These passive 
tectonic processes have been most notably described from the Missississippi delta front 
(e.g., Shepard, 1955; Morgan, 1961), but have also been recognized from the Niger, 
Changjiang, and Ganges-Brahmaputra delta system (e.g., Evamy et al., 1978; Chen and 
Stanley, 1993; Kuehl et al., 1997). In general, such passive deformation is less significant 
on the lower floodplain and upper delta plain compared with the coastal and subaqueous
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
97
portions of a delta, because new sediments compact when subaerially exposed soon after 
deposition and thus limits further compaction-induced subsidence.
Among these delta examples, the subaerial Ganges-Brahmaputra is distinguished by the 
major influence of active, plate-driven tectonic movement during the Late Quaternary. This 
distinction was intially illustrated in the seminal investigation of Morgan and Mclntire 
(1959), a study that was inspired by their recognition of the important link between deltas 
and tectonic processes and that the G-B was perhaps the archetypical example of this 
relationship (J. Coleman, pers. comm.). Although causes, rates, and effects of tectonic 
motion in the Bengal Basin remain poorly understood, the results of this study reveal 
notable tectonic signals in delta stratigraphy and evolution. In landward tectonic basins 
such as the Sylhet, rapid subsidence leads to sediment trapping and modulation of sediment 
discharge to the coast and delta front. The effect of this process was major transgression of 
the eastern delta shoreline in the mid Holocene (see previous discussion). We propose that 
this periodic sediment trapping to inland tectonics basins demonstrates a new mechanism 
for autocyclicity in deltaic sequences.
Evidence also exists for the control of tectonic movement on river course location and 
avulsion. On the G-B coastal plain, juxtaposition of the oxidized lowstand exposure at a 
relatively stable site (MU-1) with alluvial-valley deposits at a subsiding location (BH-1) 
suggests that fault-bound tectonic movements perpendicular to the delta front may govern 
long-term position of the river courses. In the upper delta plain, neotectonic processes such 
as earthquake-related fault movement are believed to control avulsion of the Brahmaputra 
between its eastern and western courses (Brammer, 1996). Stratigraphy indicates at least 
five such Brahmaputra avulsions during the Holocene, possibly implicating several major 
seismic events over this period. Overall, passive tectonic processes appear to be suppressed 
in the G-B delta compared with some other delta systems because of the coarse sediment 
load and subaerial exposure. On the Bengal shelf, however, passive tectonics are clearly
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active where rapid subaqueous deposition of tine-grained sediments lead to growth faults 
and slumping into the Swatch of No Ground canyon (Kuehl et al., 1997).
Sequence Stratigraphy
Tectonics, eustasy, and sediment supply are recognized as the major factors controlling 
sequence formation on continental margins (Van Wagoner et al., 1988). However, other 
factors such as sediment dispersal, depositional environment, receiving basin geometry, 
climate, and tectono-sedimentary feedbacks may each play a considerable role in modifying 
or controlling sequence development, and thus on our interpretation of sea-level cycling 
(Schlager, 1991; Schlager, 1993; Posamentier and Allen, 1993). Refining original 
descriptive models, new quantitative sequence models incorporate some of these variations 
to reflect observed differences among margin deposits (e.g., Steckler et al., 1993). Another 
approach to unravelling these complexities has been to evaluate sequence development over 
the Late Quaternary rise of sea level, when chronology, processes, and stratigraphy can be 
better constrained than in older deposits (Boyd et al., 1989).
As major depocenters for fluvial sediment, river deltas can respond to rapid changes in 
sea level, and many systems have formed significant sequences in the Late Quaternary 
(e.g., Mississippi, Ganges-Brahmaputra, Nile, Changjiang). In the Mississippi system, 
maximum Late Quaternary sediment thicknesses of 175 m have been reported from the 
incised shelf-edge alluvial valley (Fisk and McFarlan, 1955), but onshore sequence 
thickness is more typically 90 m at the modem delta edge shoaling to 30 m in the upper 
delta plain (Penland et al., 1988). The Late Quaternary sequence for the G-B delta system 
is a similar 50-90 m thick (Fig. 3-12) and thins locally around uplifted Pleistocene terraces. 
Major sequence stratigraphic components are recognized in both of these systems, 
comprising a fluvial lag or exposure surface as the lowstand sequence boundary, overlain 
by backstepping or aggrading transgressive deposits and prograding highstand units. In the 
Mississippi delta, the transgressive systems tract (TST) comprises several retrogradational
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Figure 3-12. Sequence stratigraphy for the Late Quaternary Ganges-Brahmaputra delta. 
Immense fluvial sediment discharge supported development of a thick
Transgressive Systems Tract during rapid early Holocene sea-level rise. 
Seaward shifting of the main depocenter after the mid-Holocene sea-level 
slowdown led to formation of a large highstand delta on the shelf. Major 
strata formation continued on the subaerial delta due to rapid subsidence. 
Evidence from the Swatch of No Ground (Kudrass et al., 1998) and Bengal 
Fan (Weber et al., 1998) also indicates continued deposition during this 
period. Thus, the Highstand Systems Tract extends across the floodplain, 
shelf, and deep-sea portions of the Bengal margin.
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shelf-phase deltas that formed during the early Holocene. Successive backstepping of these 
sub-deltas indicates that sediment supply was insufficient to keep pace with rapid relative 
sea-level rise at that time (Boyd et al., 1989). It also reveals the formation of autocyclic 
parasequences within the deltaic TST, likely driven by delta-lobe switching. In 
comparison, the TST of the G-B delta generally comprises a thick (to 60 m), single-phase 
aggradational sequence (Fig. 3-12). This interpretation is supported by stratigraphic 
evidence for long-term coastal stablility in the central delta during the early Holocene. 
Limited shoreline migration at this time suggests relative balance between sediment supply 
and accommodation production, an unexpected condition for a period of such rapid eustatic 
rise. In the eastern G-B delta, though, interfingering of muds and sands between 30-70 m 
depth (see Fig. 3-4) suggests that this part of the delta may have undergone an autocyclic 
transgression phase more like that of the Mississippi. Periodic sequestering of Brahmaputra 
sediment in the Sylhet Basin is a likely mechanism, but is speculative without additional 
data.
With slowing eustatic sea-level rise in the mid Holocene, subaerial accommodation is 
rapidly infilled and most of the sediment load bypasses to the coast to form a progading 
highstand systems tract (HST). For the Mississippi delta, rapid subaerial growth of three 
successive lobes led to > 150 km of progradation over subaqueous delta muds on the shelf 
(Penland et al., 1988). However, transition into this progradational phase did not occur 
until -  4000 cal yr BP (Boyd et al., 1989), indicating that each delta lobe grew at a rate of 
10’s m/yr. In comparison, HST development began by 7000 cal yr BP in the G-B delta, 
when sandy fluvial sediments prograded across the muddy coastal plain (Fig. 3-3) and 
fine-grained deposition shifted onto the shelf forming a subaqueous clinoform (Kuehl et 
al., 1997). Rapid shoreline progradation was not associated with this change as it was for 
the Mississippi, proceeding at < 10 m/yr. However, the G-B’s subaqueous delta front has 
prograded ~ 120 km since 7500 cal yr BP, and at a more rapid rate of 15 m/yr at present 
(Michels et al., 1998).
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Because sea level was ~ 10 m below present when HST development began in the G-B 
delta, the subaerial sequence is thicker overall, ~ 20 m vs. ~ 5 m for the Mississippi. 
Furthermore, rapid subsidence in tectonic basins such as the Sylhet has led to a local HST 
thickness of > 40 m (Fig. 3-9), making these areas important depocenters even under 
highstand conditions. Overall, the most significant differences between Mississippi and G- 
B sequence development has been the timing of the TST-HTS transition and the repeated 
phases of transgression/regression compared with relative shoreline stability and 
aggradation. Generally, behavior of the Mississippi delta is more typical of that described 
for other systems (e.g., Xue, 1993; Coutellier and Stanley, 1987). The major factors that 
distinguish the G-B delta are believed to be the immense sediment load and the Swatch of 
No Ground canyon system. Sediment discharge to the coast clearly played a significant role 
in initial delta formation during the early Holocene, allowing accommodation to be infilled 
contemporaneously with eustatic sea-level rise. Conversely, the Swatch of No Ground has 
served as an active conduit for G-B sediments throughout this period, diverting sediments 
from the shelf and coastal zone to the deep-sea Bengal Fan (Kuehl et al., 1989; 1997; 
Kudrass et al., 1998; Weber et al., 1997). The canyon head is presently situated only 30 
km offshore of the coast, and it is unlikely that the subaerial delta front could prograde 
further seaward without inducing major slope failure. Thus, late Holocene shoreline 
progradation has been largely limited to the eastern river mouth estuary which does not feed 
directly into the canyon. Similarly, the subaqueous delta has been able to prograde across 
the shelf east of the canyon system.
Summary and Conclusions
Seven major facies are recognized from Late Quaternary stratigraphy of the Bengal 
Basin. The earliest units are clean channel sands of the lowstand alluvial valleys and 
oxidized laterites of the weathered exposure surface. Overlying these facies are fining-up
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sandy channel Hll and a silty mud unit with wood and marine fossils, interpreted as a 
mangrove-colonized coastal plain. This coastal facies is overlain by muddy fluvial sands of 
mid-Holocene prograding river channels. In the upper delta, most of the stratigraphy 
consists of single or multiple fining-up sand sequences, locally interspersed with silty 
fioodplain deposits. In the subsiding Sylhet Basin, texturally variable fine-grained 
sediments dominate the entire ~ 80 m-thick Holocene sequence.
Growth of the Ganges-Brahmaputra delta in the Late Quaternary began 10,000-11,000 
cal yr BP, when transgression led to backflooding of the alluvial valleys and laterite surface 
of the lowstand Bengal Basin. Clean fluvial sands continued to be deposited in the alluvial 
valleys, and fine-grained sediments were trapped across an incipient coastal plain. During 
the next several millennia of rapid relative sea-level rise, immense fluvial sediment 
discharge was sufficient to infill accommodation and maintain relative shoreline stability.
By the mid-Holocene deceleration of eustatic sea-level rise, a 60 m-thick transgressive 
sequence had aggraded. With stabilized sea level, siltation in the alluvial valleys prompted 
channel migration and the widespread distribution of fluvial sands across the coastal plain. 
Progradation on the subaerial delta plain forced suspended load onto the shelf, leading to 
formation of a muddy subaqueous clinoform -  7500 cal yr BP. From -  7000 to 5000 cal yr 
BP, sequestering of Brahmaputra river sediment to the Sylhet Basin reduced discharge to 
the eastern coast, causing shoreline transgression along this portion of the delta. By ~ 5000 
cal yr BP, the Ganges river had largely abandoned the western delta and was migrating 
eastward toward its modem course. About this time, avulsion of the Brahmaputra from its 
Sylhet Basin course perhaps led to the first Holocene confluence with the Ganges. 
Discharging to the eastern delta, the combined rivers have prograded into the area of the 
modem river mouth estuary over the past several thousand years. Fine-grainded sediments 
continued to be dispersed to the subaqueous delta on the shelf, as well as transported to the 
Swatch of No Ground canyon.
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Major controls on G-B delta development during the Late Quaternary are similar to 
those of other margin systems, including eustatic sea-level rise, sediment load, and 
tectonics. However, for the G-B system the latter two controls are dominant, with 109 t/yr 
of sediment discharge and active plate-driven tectonics. These differences serve to 
distinguish the G-B from other delta systems and are manifested in; I) initial development 
of the G-B delta 2000-3000 years prior most other systems, 2) relative shoreline stability 
during rapid post-glacial sea-level rise in the early Holocene, 3) trapping of a considerable 
portion of the sediment load to inland tectonic basins and thus modulating coastal 
development; and 4) highstand sequence formation across floodplain, shelf, and deep-sea 
realms. Other controls playing an important role in G-B delta development are the Swatch 
of No Ground canyon and the raised Madhupur Terrace. The canyon has served as a 
highstand conduit to the deep-sea throughout the Holocene and has certainly limited 
seaward progradation of the western delta front. The Madhupur Terrace partitions the upper 
delta plain into discrete basins, controlling Brahmaputra sediment dispersal and channel 
avulsions. Overall, stratigraphy, controls, and history of the Late Quaternary Ganges- 
Brahmaputra delta reveal an example that presents both similarities to and distinctions from 
exisiting models. These findings should stimulate further investigation of this and other 
unstudied delta systems, particularly those forming in active margin settings.
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CHAPTER 4
Highstand Facies of the Ganges-Brahmaputra River Delta:
Controls and History of Deposition
Abstract
Shallow sediments (< 6 m) of the Ganges-Brahmaputra river delta were investigated to 
describe stratigraphy and major facies deposited over the past several thousand years of 
sea-level highstand. Twenty-two vibracores were collected from different environments in 
three regions of the delta. Most delta stratigraphy comprises a generally fining-up sequence 
of several meters of muddy sediments overlying coarser sandy deposits. These general 
units represent low-energy overbank floodplain and basin deposits, and higher energy 
channel and tidal deposits, respectively. Six major facies are also recognized in the two 
units, reflecting differences in sediment texture, structure, local accretion rates and 
hydrologic conditions. These results indicate that, although fine-grained sediments cover > 
90% of the modem delta surface, they are only preserved for 100’s to a few 1000’s of 
years. On longer time scales the muddy deposits are eroded due to channel migration, 
avulsion, and delta lobe switching. This finding contrasts with expected preservation of 
floodplain deposits due to widespread overbank flooding and subsidence-driven 
accommodation. The absence of fine-grained deposits > 3-5 m in most areas of the delta 
indicate the dominance of fluvial-channel processes on long-term stratigraphic 
development. High sediment concentrations, a significant bedload component, and tectonic 
activity are believed to control this rapid and widespread river channel movement. 
Radiocarbon dating and delta morphology suggest that the Ganges river course has
112
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generally migrated west to east during the Late Holocene highstand, but the exact location 
and timing of its confluence with the Brahmaputra river mouth remain unclear. The 
Brahmaputra appear to have switched successively between its eastern and western courses 
during this period.
Introduction
Modem river deltas can be classified among a continuum of river-, wave-, and tide- 
dominated systems based on their surface morphology, where the governing sediment 
transport mechanisms at the coast produce characteristic channel and shoreface 
configurations (Galloway, 1975). This simple classification provides a useful framework 
for recognizing major controls on recent deltaic sediment dispersal. However, while 
surface deposits reflect the most recent environmental influences, underlying sediments (< 
10 m) record longer term (lOMO4 years) deltaic processes and controls. For example, 
many deltas have undergone multiple river avulsions and delta-lobe switching during the 
late-Holocene highstand, and these changes have produced an overprinted record of fluvial 
and deltaic deposits (Morgan, 1970). Thus, only by thorough investigation of subsurface 
strata can longer-term delta development be understood.
This paper presents results from a vibracore survey of different regions and settings 
within the Ganges-Brahmaputra (G-B) delta. The G-B is one o f the largest fluviodeltaic 
systems in the world, and can be characterized as a high-yield, high-energy delta. The 
Ganges and Brahmaputra rivers discharge a combined sediment load oflO9 t/yr to a 
macrotidal coastal environment (Milliman and Syvitski, 1992; Coleman, 1969). Presently, 
only the surface facies and geomorphology of the recent delta have been well described 
(Morgan and Mclntire, 1959; Coleman, 1969; Brammer, 1996), and little is known of the 
shallow subsurface sediments and stratigraphy. In this paper, major shallow facies (< 6 m) 
are described and used to recognize paleo-depositional environments and controls on
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sedimentation. Stratigraphic relationships and radiocarbon dating are also extrapolated to 
reconstruct a general history of delta evolution during the past several thousand years of 
sea-level highstand. The G-B delta is considered in two major sections, the upper delta 
which largely consists of floodplain and basin environments, and the tidal lower delta 
comprising delta plain and coastal plain settings (Fig. 4-1.).
Background
Floodplain deposits are broadly divisible into lateral deposits formed by channel 
migration and overbank deposits formed by vertical accretion during floods (Allen, 1965). 
Early studies (Wolman and Leopold, 1957) concluded that lateral processes (e.g., point-bar 
accretion, braided channel evolution) were the predominant control on fluvial sequence 
development More recently, different styles of floodplain formation have been recognized, 
including some dominated by vertical accretion (Nanson, 1986). Efforts to model 
floodplain stratigraphy recognized many important controls (Bridge and Leeder, 1979), but 
over the long term, available accommodation is believed to be the main factor affecting 
channel/floodplain deposit ratios (Wright and Marriott, 1993). In the delta plain, subaerial 
environments include the saline-influenced lower delta plain and the generally higher- 
elevation, freshwater, upper delta plain. Facies architecture in these settings resembles the 
floodplain, consisting of fine-grained and organic deposits incised by relatively coarse 
channel sediments (Frazier, 1967).
Among various types of river deltas, the multiple seaward-extending digitate lobes of 
the Mississippi delta make this the archetype fluvially dominated system, where river 
sediments prograde as ribbons of sand thru a muddy deltaic apron (Coleman and Gagliano, 
1964). Using many cores and radiocarbon dates to resolve the past several thousand years 
of Mississippi delta evolution, it can now be shown that four major delta lobes plus the 
modem birdfoot delta were active in the past ~ 4000 years and formed the present delta
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Figure 4-1. Regional map of Ganges-Brahmaputra river delta. Core locations for
subsequent figures are shown. The approximate limit tidal influence is shown 
and delineates the upper and lower portions of the delta.
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plain (Frazier, 1967). The nearsurface deposits that comprise these highstand delta lobes 
are ~ 5-15 m thick (to 30 m in channels) and overlie early-mid Holocene delta-front sands 
(Gould, 1970). Three general facies represent major depositional settings, including sandy 
fluvial channel deposits, silty overbank levee soils, and organic-rich clays within 
interdistributary basins (Elliot, 1974; Farrell, 1987). The low-lying levee silts and organic- 
rich flood-basin clays cover vast areas and comprise the majority of Mississippi deltaic 
deposits (Frazier, 1967).
Like the Mississippi delta, the Ganges-Brahmaputra (G-B) is a high-load, warm- 
temperate delta system, but differs by its coarser sediment load, highly seasonal discharge, 
active tectonic setting, and high-energy receiving basin (Morgan and Mclntire, 1959). The 
G-B has been typically been classified as a tide-dominant system because of the multiple- 
linear-channel morphology that dominates the estuarine river mouth and adjacent coast 
(Wright 1985). However, beyond the seminal works of Morgan and Mclntire (1959) and 
Coleman (1969) concerning surficial and fluvial morphology, little is known of the delta’s 
shallow subsurface facies and highstand evolution. Brammer and others (FAO, 1971) 
detailed descriptions of the character, distribution, and processes of G-B soil formation, 
providing important insights regarding sediment deposition, surface facies character, and 
floodplain processes in the modem delta. More recently, radioisotope geochronology has 
been used to quantify sediment accretion in the delta (Goodbred and Kuehl, 1998; Allison 
et al., 1998), showing that most of the upper delta plain is actively accreting while the 
lower delta plain west of the modem river mouth is moribund. These modem sedimentation 
patterns may also reflect longer-term delta history.
Methods
Twenty-two vibracores (1-6 m long) were collected from three regions of the delta 
(Fig. 4-1). The first two regions, the Brahmaputra floodplain and Sylhet basin, are located
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in the upper delta plain above tidal influence. The third region covers the bils (bottomland) 
and coastal plain of the tidal lower delta. Sampled environments include active floodplain, 
local flood basin (bils), and delta-plain settings. Cores were split, one-half archived, and 
the remaining half subsampled and described for sediment texture, color, structure, 
organics, and fossils. Over 100 x-radiographs were taken of 40-cm-Iong core sections, and 
35 petrographic thin-sections were made for microfabric investigation (methods after Kuehl 
et al., 1988). Three peat samples were radiocarbon dated by standard techniques with dates 
reported in calibrated sidereal years (Table 4-1).
Results
Facies Character and Stratigraphy
A fining-up sequence of two sedimentary units generally comprises the shallow 
stratigraphy of the G-B delta throughout, consisting of nearsurface muddy deposits 
overlying stratified clean to muddy sands. Although some cores from this study did not 
penetrate the fine-grained surface deposits, deeper boreholes indicate that the surface mud 
layer rarely extends deeper than ~7 m (Goodbred and Kuehl, 1998b). Sites with thicker 
mud deposits are located in the Sylhet Basin and locally in some lower delta plain bils 
(e.g., Dakatia bil).
Six sedimentary facies are recognized within the shallow stratigraphy, each reflecting 
unique depositional processes and environments (Table 4-2). The facies can generally be 
divided into surface deposits found to ~ 5 m depth, and subsurface facies that underlie 
these. The Oxidized Muds, Clay-rich Muds, and Peats comprise the surface facies, and the 
Sands, Stratified Muds, and Muddy Sands form the underlying deposits.
Upper Delta. — Three cores from the proximal Brahmaputra floodplain (VC 5-7; < 1 
km from main channel) were collected < 500 m apart, but the upper statigraphies vary 
between soft sandy-bedded muds and uniform firm to stiff muds, both representing the
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Lab Sample No.f Core Latitude Longitude Depth(m)
Material
Dated 813C (%o)‘
14C yr BP ± 
error cal yr BP§ 2a age range Source
Beta-122145 VC 2 24° 44' 90° 46' 5.5 peat -25 3810 ±60 4207 3987 - 4408 this study
Beta-122146 VC 11 22° 53' 89° 37' 4.3 peat -25 4770 ± 70 5525 5316-5646 this study
Beta-122144 VC 16 22° 37’ 90° 08' 3.3 peat -25 2120 ±70 2086 1896-2319 this study
22° 33' 90° 03' 1.1 organics -25 910 ±60 788 732-918 FAO, 1971
22° 51' 90° 03' 0.8 peat -25 1035 ±40 938 926 - 964 FAO, 1971
t  Beta-No. = analysis performed by Beta Analytic, Inc., Miami, FL 
* assumed; relative to PDB standard
§ '"C years corrected to sidereal years using CALIB 3.0 (Stuiver and Reimer, 1993)
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Facies Distribution Uthology Color Structure Depth Interpretation
Oxidized Mud widespread throughout; most common facies
variable, firm to stiff muds 
and silts
yellow-brown to 
gray-brown
generally mottled; some episodic 
coarse beds; common concretions 
and root casts on delta plain
surface to 3 m
weathered floodplain soils 
formed in seasonally 
inundated, slow accretion 
settings
Clay-rich Mud widespread, but local within flooded basins (bils)
wet, soft to firm clays with 
some disseminated organics
brown-gray, 
blackish gray, 
gray
indistinct laminations, often 
mottled; some small concretions 
and root casts; some burrows
surface to 5 m
floodplain deposits from 
accreting, nearly 
continually flooded basins
Peat
local within distal flooded 
basins (bils); mostly 
around Khulna andSylhet
soft, wet organic-rich clays 
(loss-on-ignltion = 20-50%; 
FAO, 1971)
brown, blackish 
brown none observed
subsurface 
layers (< 50 cm) 
to 5 m
organic deposits from 
vegetated, sediment- 
starved flood basins
Sand widespread, but local within river channels
fine to medium, micaceous 
sands; some with silts
yellow-gray, light 
gray
common planar and cross-bedding; 
heavy mineral deposits; occasional 
mud layer
1 to > 5 m fluvial channel and bar deposits
Stratified Mud widespread across lower delta plain
soft, wet silty and sandy 
muds
brown-gray to 
medium gray
rythmic laminations 0.2-2.0 cm 
thick; also grouped In bedding 
sequences 2-15 cm thick
2 to 5 m shallow-water tidal channel or tidal flat deposits
Muddy Sand
locally found underlying 
Stratified Mud facies on 
lower delta plain
soft, wet fine sands with 
variable mud content medium gray thick, episodic bedding (> 5 cm) >4m
nearshore / delta front 
deposits
TABLE 
4-2. Summary 
of facies characteristics.
120
Oxidized Mud facies (Fig. 4-2). The bedded sediments in VC 5 are light brown in color to
1.5 m, with episodic 5-10 cm sand layers throughout. In contrast, the stiff muds in VC 7 
are medium brown with occasional plant roots and concretions to 2.5 m depth (Fig. 4-3). 
Underlying upper mud deposits in the cores are planar and cross-bedded sands at >  2.5 m 
depth, classified as the Sand facies (Fig. 4-4). A similar cross-bedded silty sand was 
deposited during the previous flood season, forming a 10-30 cm cap of the stratigraphy.
Bil sites in the Sylhet basin (VC 1-4) and Brahmaputra floodplain (VC 8-9) reveal 3 to 
> 5 m of surface muds called the Clay-rich Mud facies (Fig. 4-5). These deposits are fine­
grained with little silt, mottled in appearance, with very local roots, disseminated organic 
matter, and often indistinct bedding (Fig. 4-6). Sediments may be oxidized in the upper 
meter and reduced to a gray color below. Small iron and carbonate concretions and roots 
casts are often found in the upper meter. Large burrows 10-25 cm long of unknown origin 
were observed at several sites. Despite nearly continual flooding in upper delta bil 
environments, little organic matter is present in the sediments. Peat was only found in VC- 
2, with deposits at 0.4-0.6 m and 5.4-5.7 m. The bottom of this leafy, woody basal layer 
dates 4207 cal yr BP and overlies clean sands along a sharp contact. Basal sands were also 
recovered from another bil site (VC 9) and similarly underlie wet muds along a sharp 
contact.
Lower Delta. — In the lower delta plain, cores were collected from several large bils 
located at the upper limits of tidal influence (VC 10-13; Fig. 4-7) and from open, well- 
drained sites on the seaward coastal plain (VC 14-22; Fig. 4-8). At most of these sites the 
lower stratigraphy is soft, rhythmically laminated muds and sandy muds between ~ 2-5 m 
depth, here termed the Stratified Mud facies (Fig. 4-9). The rhythmic laminations, 0.1-2.0 
cm thick, are also organized into thicker bedding packages, 2-15 cm, and consist o f coarse- 
and fine-grained sediments (Fig. 4-10). The physical structure is well-preserved with little 
biological mixing or strata deformation. Often underlying the rhythmically stratified
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Figure 4-2. Core log and facies description for two floodplain sites within 1 km of the 
Brahmaputra braidbelt. VC 5 and VC 7 are located < 0.5 km apart. 
Stratigraphy at these sites comprises floodplain mud deposits over cross- 
bedded fluvial sands. The upper muds in VC 5 are lightly oxidized, have few 
organics, and well-preserved sand layers indicating relatively recent 
deposition. In contrast, the upper muds in VC 7 are medium brown and have 
disseminated organics suggesting older, more weathered, floodplain soils.
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Figure 4-3. X-radiograph negative from VC 7 showing concretions that develop in older 
floodplain sediments. Concretions from the delta are variously composed of 
carbonates, siderite, and pyrite (FAO, 1971).
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VC 7; 430 cm
1 cm
Figure 4-4. Sediment thin section from VC 7 showing fine-scale cross-bedding. This 
structure is typical of the Sand facies, representing coarse fluvial channel 
deposits.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
de
pth
 
(m
)
124
0  - I
1 -
2 -
3 -
4 -
5 -
6 - 1
VC 2
•Vc--JA—
JF
jS~ _z~
firm, brown-gray muds 
(Clay-rich Mud Facies)
grayish brown peats 
(Peat Facies)
(brown-gray)
firm, medium gray muds 
(Clay-rich Mud Facies)
L
date: 4207 cal yr BP
L_
olive black peats 
(Peat Facies)
clean, fine-medium sands 
(Sand Facies)
VC 8
(gray-brown)
(yellow-brown)
firm, medium gray muds 
(Clay-rich Mud Facies)
(yellow-brown gray)
m i peat
KEY TO SYMBOLS
  sharp contact
£>  shell 
•  concretion
OA- disseminatedorganics
wood
leaves
Figure 4-5. Core log and facies description for two bil (bottomland) sites in the upper delta. 
Bil environments are flooded through most of the years and receive fine­
grained sediment from the surrounding floodplain rather than direct fluvial 
input. Stratigraphy in the upper delta bils generally consists of clay-rich muds 
with little organic matter, although peats layers are locally found. The fine­
grained deposits often overlie coarser sandy sediments as in VC 2.
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VC 3
Figure 4-6. X-radiograph negatives from two upper delta bil sites. (A) Nearsurface
sediments are often mottled or disturbed in bils, and large (to 25 cm) biogenic 
burrows were observed in several cores. (B) Some sites retain obscure 
structure and indicate that the upper deposits may have been originally 
stratified.
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Figure 4-7. Core log and facies description for two lower delta sites, Dakatia bil (VC 11) 
and Terokhada bil (VC 12). Peats are locally common at these poorly-drained 
sites and reflect limited sediment input. VC 11 contains the most organic matter 
of any site and the absence of underlying coarse facies suggests Dakatia bil has 
not been subject to fluvial or nearshore processes. Located ~ 20 km east, VC 
12 shows a thick peat layer and organics over the Stratified Mud facies, 
suggesting early history as a paleoriver mouth that was subsequendy 
abandoned.
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Figure 4-8. Core log and facies description for two lower delta plain sites showing muds 
capping well stratified sandy muds. The upper muds of VC 17 have 
disseminated organics and root casts (see Figure 11). VC 20 is located -  20 
km west of the modem river channel and shows a coarser sequence possibly 
reflecting fluvial influence. The Stratified Mud facies indicates that both sites 
developed as former river mouth sites.
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Figure 4-9. Sediment thin sections from lower delta plain site VC 14 showing fine-scale 
rhythmic stratification of the Stratified Mud facies. These sediments are 
believed to have been deposited in a tidal paleoriver mouth estuary as linear 
channel bars. The packages of coarse and fine sediment represent Spring and 
Neap tide conditions. Note the burrow in the middle thin section. Mixing and 
biogenic structure is otherwise uncommon in this facies.
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VC 20 VC 18
Figure 4-10. X-radiograph negatives of the Stratified Mud facies from the lower delta
plain. (A) Well-stratified muds, silts, and fine sand show rhythmic bedding. 
Note the repeated grouping of coarse beds. The fine-scale rhythmites shown 
in Figure 4-9 are not clear, but the larger packages are believed to reflect 
seasonal high and low river discharge. (B) Well-stratified deposits showing 
thickening and thinning of tidal beds, although not well organized as in A.
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deposits are slightly coarser sediments containing thicker, episodic bedding, called the 
Muddy Sand facies.
At the well-drained coastal plain sites, the upper stratigraphy is similar to that found in 
the Brahmaputra floodplain (Fig. 4-8). These Oxidized Mud deposits consist of firm silts 
and clays, light yellow- or orange-brown in color. Disseminated organic matter, roots and, 
carbonate root casts are common in the upper meter (Fig. 4-11), and thin peat layers are 
locally dispersed in the northeast coastal plain near large bils. The Peats are found at 1.1-
1.2 m and 3.1-3.3 m in core VC 16, and at 1.0 m and 0.5-0.6 m in VC 21 and VC 22, 
respectively. The lower peat (3.3 m) in VC 16 dates 2086 cal yr BP, and the nearsurface 
layer at these sites likely corresponds to a previously dated peat horizon (1.1m) age 788 cal 
yr BP (FAO, 1971).
Stratigraphy at bil sites on the lower delta plain is varied (Fig. 4-7). In Dakatia bil, the 
westernmost study area, peat layers (0.1-1.5 m) alternate with the Clay-rich Mud facies to 
at least 4.3 m. This area contains the most organic material recovered in the project, 
including a continuous peat deposit 1.3 m thick, and abundant large wood fragments (to
7.5 cm dia.) and disseminated organics within adjacent mud layers. The top of a peat layer 
recovered from the core bottom (4.2-4.3 m) dates 5525 cal yr BP and underlies gray muds 
along a sharp contact. At Terokhada bil located ~ 20 km east of Dakatia, peats and wood 
fragments are only found in the upper ~ 1 m of the mottled gray Clay-rich Mud facies, 
which overlies the Stratified Mud Facies (VC 12-13; -  1 km apart).
Discussion
Facies Interpretation and Sedimentary Processes
The most common and widespread facies is the Oxidized Mud, consisting of variable 
brownish-colored silts and clays. The facies develops from fresh surface sediments that are 
weathered through successive steps of decalcification, acidification, and ferrolysis in the
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Figure 4-11. X-radiograph negatives of the Oxidized Mud facies from the lower delta plain. 
Shown are carbonate root casts formed as a result of interaction between 
biogenic and floodplain weathering processes.
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upper 1-2 m (FAO, 1971). These processes occur under changing redox conditions driven 
by repeated wetting and drying of the floodplain through the seasons. The rate of soil 
formation varies in part with sedimentation rate and flooding periodicity, and the Oxidized 
Mud facies is generally found in slowly or episodically accreting floodplain environments 
where weathering is relatively rapid. According to the soil descriptions of Brammer (FAO, 
1971), this unit can be subdivided into four distinct soil types reflecting differences in age, 
hydrologic conditions, and initial mineralogy (e.g., VC 5 vs. VC 7).
The Clay-rich Mud facies is widespread throughout the delta within bil environments. 
Cutoff or too distant from major river channels to receive overbank sedimentation, fine­
grained sediments are reworked from the surrounding floodplain by precipitation and 
transported to the low-lying bils via surface runoff (Goodbred and Kuehl, 1998a). Only 
very fine sediment is moved across the low-gradient floodplain and thus accounts for the 
lack of coarse silt in these clay deposits. The reduced Clay-rich Muds are gray in color and 
less weathered than the Oxidized Mud facies because bil environments remain flooded 
through most or all of the dry season (FAO, 1971). In the lower G-B delta plain, Clay-rich 
Muds may be replaced or interspersed with the Peat facies. The Clay-rich Mud is 
presumably not as prevalent in the lower delta bils because the shallow topography and 
more widespread vegetation limit runoff and sediment transport. The Peat facies is 
characterized by its dark brown-black color and high organic content (> 20%) consisting of 
wood, leaves, and other plant debris. In general, peats and organic-rich sediments are 
common in the flooded, low-lying environments of many deltaic systems (e.g.,
Mississippi, Coleman, 1961; Niger, Allen, 1970; Nile, Stanley and Wame, 1998), but Peat 
distribution is limited on the G-B delta.
The Sand facies often underlies the previous three facies in the upper G-B delta. 
Physical structure, including planar stratification and cross-bedding, is characteristic of the 
silty to clean Sand facies. Abundant micas and heavy minerals in the Sand deposits indicate 
limited weathering and suggest that impermeable muds were overlayed soon after
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deposition, protecting the Sand facies from weathering processes. The preservation of 
physical structure further supports rapid burial of the Sand facies.
On the lower G-B delta plain, the Stratified Mud facies is widespread and underlies the 
surface mud and peat deposits. The laminations, generally 1-20 mm, alternate between 
muds and silty muds, the coarser units being thinner. This rhythmic structure, in addition 
to restricted depth (2 -5 m) and coastal plain distribution, suggests deposition of this facies 
under tidal influence. The specific setting is interpreted as a shallow-water channel or flat 
environment (< 5 m) within the river mouth estuary. In some cores (Fig 10), the rhythmic 
laminations are grouped into thicker packages that probably represent seasonal changes in 
river discharge. Coarse-grained sediments would be distributed during the high flow of the 
SW Monsoon, while finer material would be reworked by tides during the Iow-flow dry 
season.
Underlying the Stratified Muds, the coarser Muddy Sand facies is thickly bedded with 
no apparent periodicity. Only thin sections of this facies were recovered at the bottom of 
cores, but the facies appears to grade into the overlying Stratified Muds, suggesting that the 
Muddy Sands are part of this environmental succession. Based in this limited information, 
the deposits are believed to be delta-front sands deposited in deeper water (< 10 m) just 
seaward of the shoreline.
Delta Sequence Development
In the upper delta floodplains, river channel migration and avulsions are frequent ( 10‘- 
102 yrs) due to high fluvial sediment concentrations and bedload, particularly for the 
braided, anastomosing channels of the Brahmaputra (Bristow, 1987). The stratigraphic 
signal of a course change may be reflected as a fining-upward sequence, where sandy 
fluvial sediments are deposited in and along the channel until the course is abandoned or 
flow slows due to siltation, and subsequently fine-grained sediments infill remaining 
accommodation. This stratigraphic pattern is widespread throughout the upper delta (except
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in some bils and the central Sylhet) and suggests that channel-floodplain succession 
dominates highstand shallow sequence formation. Many of these deposits are reworked, 
however, as channels migrate and reoccupy previous courses. This process is recognized 
in closely-spaced cores VC 5 and VC 7 from the Brahmaputra braidbelt, which contrast 
recently deposited light brown, bedded sandy muds with older, stiff, medium brown muds 
with concretions and plant roots. The local channel was presumably eroding into old 
floodplain soils (e.g., VC 7) and redepositing newer silty sediments (e.g., VC 5).
Models of alluvial sequence stratigraphy suggest that a higher percentage of floodplain 
deposits are preserved during rising sea level than highstand conditions because of 
abundant accomodation and rapid burial (Wright and Marriot, 1993). In the G-B delta, this 
effect could be expected to be enhanced by subsidence-created accomodation and the 
widespread overbank distribution of fine-grained sediments. However, the opposite pattern 
is observed in the upper delta, where fine-grained sequences are only locally preserved in 
the deep transgressive stratigraphy (Chapter 3). This indicates that channel migration was 
sufficiently active to preclude preservation of overbank deposits despite abundant 
accomodation. Conversely, > 90% of the modem delta surface is covered with muddy 
deposits despite more limited highstand accomodation, indicating that overbank processes 
and fine-grained floodplain deposits dominate recent sedimentation and strata formation. 
This apparent dichotomy is not believed to indicate fundamental changes in the fluvial delta 
system, rather the main reason is presumed to be time-scale. Floodplain deposits appear to 
be prevalent over shorter time frames, probably 100’s to a few 1000’s of years, and likely 
dominate surface sediments at any particular time. However, on the order of several 1000’s 
of years, floodplain deposits are eroded and replaced by channel sediments before they can 
be preserved. Thus, the importance of floodplain process, development, and sediment 
storage in the upper G-B delta is not reflected in the stratigraphic record. These findings 
also suggest that accomodation does not control fluvial sequence architecture in this
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system, but rather channel processes are sufficiently active to mask the signal of eustatic 
and tectonic accommodation.
In the lower delta and Sylhet Basin, thick sequences of fine-grained coastal and flood 
basin deposits are preserved in the deeper stratigraphy (Chapter 3). hi these environments, 
channel migration and avulsion are not sufficient to remove fine-grained basin deposits 
before being preserved. A likely reason for this difference in fluvial channel behavior is the 
sequestering of bedload and suspended sediments in the upper delta (Goodbred and Kuehl, 
1998a), which reduces channel siltation and the tendency for channel migration. The 
resulting interpretation of the long-term upper and lower delta stratigraphy would suggest 
that floodplain development and sediment storage are limited in the upper region (Chapter 
3), whereas studies of the modem system indicate the opposite trend, that the upper delta is 
the region of active floodplain deposition and the lower delta plain is largely moribund. As 
stated earlier, these discrepancies are largely a function of time-scale but have significant 
implications for the comparison of modem and ancient fluviodeltaic sequences (Bridge and 
Leeder, 1974; Wright and Marriot, 1993). Interestingly, borehole data from the upper delta 
(Chapter 3) show that the Late Pleistocene exposure surface consists of several meters of 
muddy deposits overlying clean sands, perhaps representing the preservation of floodplain 
deposits during a sea-level fall. Such surfaces, if preserved elsewhere, may be an important 
clue to recognizing the short-term importance of floodplain processes.
For comparison to the G-B system, the upper 15-20 m of the Mississippi delta 
sequence include a high proportion of fine-grained “interbasin” deposits that are only 
locally incised by channel deposits (Gould, 1970). Low-energy conditions and slow 
channel migration limit coarse sediment dispersal and reworking of older deposits in both 
upper and lower reaches of the system (Farrell, 1987; Coleman and Gagliano, 1964). 
Another distinction is the amount and distribution of organic matter within the upper 
stratigrapy. Organic production is typically high in deltaic settings, and this material is often 
preserved because of inundated conditions and limited sediment input to distal areas.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
136
However, most of the G-B delta is only seasonally flooded, and it is presumed that 
organics are quickly degraded by changing redox conditions and the associated weathering. 
Furthermore, another reason for these distinctions is the significant difference in sediment 
texture and load delivered to the G-B and Mississippi systems. The larger, coarser 
sediment load of the G-B favors channel migration due to channel siltation (Bristow,
1987), and widespread sediment dispersal system of the G-B generally precludes 
significant organic accumulation.
The entire lower G-B delta plain is dissected by a network of interconnected channels 
that resemble the tide-dominated distributary channels of the modem river mouth estuary. 
Allison (1998) showed that the older coastal channels have remained stable over the past 
200 years and thus probably reflect original shoreline morphology. In the modem river 
mouth, this characteristic morphology develops during progradation of the subaerial delta 
by extension, shoaling, and coalescing of linear-channel bars (Allison, 1998). The 
widespread coastal distribution and tidal signal of the Stratified Mud facies suggest that 
these sediments also comprised the shoals of a former river mouth. The overlying Oxidized 
Muds were likely draped on top of these deposits by river floods or storm surge as the 
features accreted vertically. This evidence suggests that the most of the modem tide- 
influenced delta plain developed in this fashion.
Ganges-Brahmaputra Delta History
The three lower facies described from the shallow stratigraphy, including the Sand, 
Stratified Mud, and Muddy Sand, each represent sediment deposition under moderate 
fluvial or tidal conditions. Taken together, these channel and delta front facies record the 
location of paleoriver courses active at the time of deposition. As these sites were 
abandoned by avulsion or shoreline progradation, in situ organic production and fine­
grained sediments delivered by overbank or coastal flooding capped the coarse lower units. 
In the G-B delta, the Oxidized Mud, Clay-rich Mud, and Peat facies comprise these fine­
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grained upper deposits and reflect decreasing energy at the site. This general stratigraphic 
succession — variable muds and peats overlying coarser bedded sands — represents the late 
stages of a delta lobe/river channel sequence. Based on such relationships, dating of the 
lower-upper facies transition throughout the G-B should reveal the sequence of history of 
highstand delta development.
In the Sylhet basin, a basal peat recovered from core VC 2 dates 4207 cal yr BP and 
indicates reduced sediment input to this western site about this time. Similarly, Umitsu 
(1993) dated a basal peat 4719 cal yr BP in the western Sylhet. Taken together, this 
evidence suggests abandonment of the Brahmaputra’s course along the eastern Madhupur 
terrace after -  5000 cal yr BP. Subsequently, the Brahmaputra is known to have reoccupied 
this channel for an unknown duration until another avulsion in the late 18th century 
(Fergusson, 1863). A thin peat layer at -  0.5 m in VC 2 may reflect this second change to 
its western course.
In the lower G-B delta, limited data restrict interpretation of the alternating mud and 
peat horizons that record deposition of this complex stratigraphy. In Dakatia bil on the 
western coastal plain, the dated top of a peat layer (4.2 m; VC 11) suggests that 
sedimentation in this area has been relatively inactive since at least 5500 cal yr BP. The 
overlying muds and peats suggest subsequent periods of sediment input and starvation that 
may be related to river course changes. Without deeper core recovery, though, it remains 
unclear whether this site was ever subject to significant channel activity and fluvial 
sediment input. A nearby borehole shows organic-rich silts and clays throughout the upper 
16 m (Umitsu, 1993) and implies that the area may be a long-term depocenter for fine­
grained sediments like the Sylhet basin.
Within 20 km west (VC 12-13) and 30 km south (VC 14) of Dakatia bil, Stratified 
Muds are found below overlying peat and organic-rich deposits. It is presumed that these 
sediments were deposited as part of a paleo river-mouth system that was since abandoned, 
but the timing is not known. About 30 km further east, a basal peat (3.2 m; VC 16)
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overlying laminated muds was dated and indicates that this paleoriver mouth became 
inactive after ~ 2000 cal yr BP. Although river-mouth postion and delta plain activity 
cannot be specifically determined from these data, the overall trend suggest an eastward 
migration of the river mouth and delta progradation during the past 5000 years. Allison 
(1998) also found evidence of this trend in the pattern of shoal evolution in the modem 
river mouth.
Summary and Conclusions
Shallow stratigraphy of the late Holocene Ganges-Brahmaputra river delta generally 
comprises a fining-up sequence of 1-5 m of mud overlying coarser sandy sediments. The 
muds represent overbank floodplain deposits that are temporarily stored in the delta on the 
order of 102 years. These sediments are subsequently eroded by channel migration and 
avulsions in the upper delta, and only the coarse sandy deposits are preserved over a 103 
year time frame. In the lower delta plain and Sylhet Basin, fine-grained coastal and flood 
basin deposits are preserved, because fluvial channel processes are lower energy and 
insufficient to erode these sediments before burial. Long-term stratigraphic sequences in 
upper delta do not reflect the short-term importance of floodplain deposition, development, 
and sediment storage, and reveal fundamental differences in fluvial channel behavior 
between the upper and lower delta. Peats and organic-rich sediments, often considered 
typical of deltaic environments, are found only locally in bil areas. Rapid weathering in 
other environments is presumed to oxidize organic matter before it can be buried. These 
characteristics of G-B delta stratigraphy differ from those of the Mississippi delta, where 
shallow deposits are dominated by organic-rich clayey sediments to 15-20 m. Differences 
between these systems are controlled by the coarser sediment load, seasonal 
flooding/inundation, and higher energy fluvial and nearshore processes for the G-B delta 
system. Widespread, tidally laminated deposits indicate that the G-B coastal plain
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developed in a similar manner to land currently forming at the modem river mouth, through 
the shoaling, seaward extension, and coalescing of linear channel bars. Stratigraphic and 
radiocarbon data indicate that during the late Holocene highstand this process of delta 
formation occurred from west to east with migration of the river mouth.
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Site Latitude
(°N)
Longitude
(°E)
fonlv available for som e sites)
11 24° 24.87* 89° 49.14*
12 24° 24.70' 89° 50.11*
14 24° 20.87* 89° 56.22*
15-1 24° 24.23* 89° 51.86*
15-2 24° 24.22* 89° 51.91*
15-3 24° 24.21* 89° 51.78*
15-4 24° 24.23* 89° 52.10*
15-5 24° 24.10* 89° 52.17’
15-6 24° 24.29* 89° 51.88*
15-7 24° 24.35* 89° 51.91*
16 24° 24.90* 89° 53.80*
17 24° 25.62* 89° 54.47*
18 24° 27.97* 89° 53.39*
19 24° 27.67* 89° 53.85*
20 24° 30.68* 89° 58.68*
21-1 24° 33.65* 89° 54.88*
21-2 24° 33.76* 89° 55.05*
22 24° 34.23* 89° 52.61*
23-1 24° 44.42’ 89° 48.22*
23-2 24° 21.97* 89° 49.96*
24 24° 43.77’ 89° 49.84*
25 24° 43.52* 89° 50.30*
26 24° 46.18* 89° 54.20*
27 24° 39.71* 90° 05.55*
28 24° 07.85 90° 01.94*
VC2 24° 43.94* 90° 45.97*
VC3 24° 51.32* 90° 43.82*
VC10 22° 53* 89° 37*
VC16 22° 37* 90° 08*
BH1 22° 38.78' 89° 47.35*
BH2 22° 45.33* 90° 18.57*
BH3 21° 52.12* 90° 07.93*
BH4 24° 03.18* 89° 29.82*
BH5 23° 32.02* 89° 45.30*
BH6 24° 50.78* 90°37.65'
BH7 24° 27.52’ 90° 58.01*
BH8 24° 32.89* 91° 13.49*
BH9 24° 56.45* 91° 24.20*
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Sample
Thickness
Sample
Midpoint '■'Cs Activity
Total ~Pb 
Activity
"•Ra Activity 
(only for y 
measures)
~Cs
Inventory
Unsupp. "Pb 
Inventory
Total '"Cs 
Inventory
Total Unsupp. 
”°Pb Invent
Site (cm) (cm) (dpm/g) error (dpm/g) error (dpm/g) error (dpm/cm1) (dpm/cm1) (dpm/cm1) (dpm/cm1)
Kal 7.5 3.75 0.21 0.01 2.40
Kal 8.5 11.75 0.20 0.01 2.53
Kal 8.5 20.25 0.19 0.01 2.46
Kal 9.5 29.25 0.21 0.01 2.93
Kal 10 39 0.11 0.01 1.72
Kal 11 49.5 0.06 0.01 1.05
Kal 8 59 0.05 0.01 0.63
Kal 10 68 0.10 0.01 1.45
Kal 7 76.5 0.07 0.01 0.68
Kal 9 84.5 0.11 0.01 1.52
Kal 8 93 0.12 0.01 1.43
Kal 22 108 0.11 0.01 3.65
Kal 15 126.5 0.12 0.01 2.72
Kal 15 141.5 0.10 0.01 2.23
Kal 6 152 0.08 0.01 0.69 28.09
Bpr 9.5 4.75 0.64 0.02 9.11
Bpr 9.5 14.25 0.51 0.02 7.30
Bpr 10 24 0.13 0.01 1.91
Bpr 21 39.5 0 0 18.32
1 2 1 0.74 0.03 4.90 0.18 2.22 9.45
1 2 3 0.65 0.02 1.96
1 2 5 0.73 0.03 4.05 0.15 2.19 6.91
1 2 7 0.75 0.02 2.26
1 2 9 0.75 0.03 3.51 0.14 2.26 5.28
1 2 11 0.67 0.03 Z01
1 2 13 0.15 0.01 2.28 0.10 0.46 1.58
1 2 15 0 0
1 2 17 0.20 0.02 2.32 0.10 0.60 1.71
1 2 19 0.03 0.01 0.10
1 2 21 0.10 0.01 2.06 0.09 0.30 0.93
1 2 23 0 0
1 2 25 0 0 2.01 0.09 0.77
1 2 29 1.97 0.09 0.66
1 2 31 2.07 0.09 0.95
1 2 37 1.75 0.08 0.01 14.36 28.26
2-1 20 10 0.10 0.01 1.39 0.08 2.91 10.40
2-1 20 30 0.03 0.01 1.43 0.08 0.97 11.68
2-1 4 42 0.10 0.01 1.04 0.07 0.58
2-1 6 56 0.13 0.01 1.34 0.07 1.21 2.68
2-1 4 61 0 0 1.29 0.07 1.48
2-1 7 66.5 1.35 0.07 3.27
2-1 10 75 0.12 0.01 1.37 0.07 1.76 4.90
2-1 3 81.5 0.06 0.01 1.22 0.07 0.26 0.80
2-1 10 88 0.08 0.01 1.23 0.07 1.21 2.86 8.89 38.08
2-2 20 10 0.35 0.02 10.54
2-2 20 30 0.13 0.01 3.76
2-2 1 40.5 0.10 0.01 0.15 14.45
2-3 20 10 0.12 0.01 3.72
2-3 20 30 0.07 0.01 2.09
2-3 2 41 0.06 0.01 0.18 5.99
2-4 20 29.25 0.16 0.01 4.85
2-4 19 29.5 0.11 0.01 3.04
2-4 2 40 0.17 0.01 0.51 8.40
4-1 20 10 0.31 0.02 9.26
4-1 20 30 0.42 0.02 12.54
4-1 2 41 0.03 0.01 0.10
4-1 18 59 0 0 21.90
4-2 20 10 0.29 0.01 8.83
4-2 7 33.5 0.41 0.02 4.26
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Site
Sample
Thickness
(cm)
Sample
Midpoint
(cm)
-Cs Activity rT nPb Y Activity
(dpm/g) error (dpm/g) error
“Ra Activity 
(only for 7 
measures)
(dpm/g) error
®Cs
Inventory
(dpm/cm1)
Unsupp. ™Pb 
Inventory
(dpm/cm1)
Total "Cs 
Inventory
(dpm/cm1)
Total Unsupp. 
~Pb Invent
(dpm/cm1)
4-2
4-2
2
15
38
56.5
0.32
0
0.02
0
0.97
18.56
4-3 20 10 0.14 0.01 223 0.10 4.31 5.10
4-3 18 29 0.44 0.02 279 0.11 11.81 19.73
4-3 2 39 0.05 0.01 1.34 0.07 0.15
4-3 11 43.5 0-29 0.02 4.84
4-3 15 58.5 0.35 0.02 247 0.11 7.90 9.32
4-3 19 75.5 0.08 0.01 263 0.11 221 16.12
4-3 11 90.5 0 0 262 0.11 9.27
4-3 14 103 229 0.10 4.85
4-3 12 116 206 0.10 0.03
4-3 15 129.5 213 0.09 1.64 3123 66.05
7 20 10 0.38 0.02 11.39
7 15 27.5 0 0
8 2 1 0.47 0.02 3.74 0.15 1.40 6.06
8 2 3 0.45 0.02 1.35
8 2 5 0.46 0.02 3.91 0.17 1.38 6.58
8 2 7 0 0
8 2 9 0.45 0.02 3.33 0.13 1.34 4.83
8 2 11 0.21 0.01 0.63
8 2 13 0.05 0.01 251 0.10 0.16 236
8 2 15 0 0
8 2 17 0 0 249 0.11 231
8 2 21 234 0.10 1.86
8 2 25 1.72 0.10 6.27 24.01
9 2 1 1.05 0.02 5.05 0.18 3.14 11.44
9 2 3 1.03 0.03 4.08 0.15 3.10 8.52
9 2 5 0.43 0.02 1.89 0.09 1.28 1.95
9 2 7 0.22 0.01 1.62 0.08 0.66 1.13
9 2 9 0.12 0.01 1.35 0.09 0.35 0.33
9 10 15 0 0 1.24 0.07 0.06
9 10 25 1.47 0.08 3.39 8.53 26.84
10 2 1 0.65 0.02 4.17 0.17 1.95 8.77
10 2 3 0.82 0.02 3.15 0.13 246 5.71
10 2 5 1.03 0.03 296 0.12 3.09 5.14
10 2 7 0.91 0.03 241 0.10 274 3.47
10 2 9 0.79 0.02 205 0.09 236 239
10 10 15 0.38 0.02 1.71 0.08 5.65 6.97
10 10 25 0.14 0.01 1.68 0.09 213
10 2 31 0 0 20.38 3245
11 10 5 0.15 0.01 228
11 10 25 0.17 0.01 251
11 10 125 0.18 0.01 271 31.13
12 15 7.5 0.18 0.01 2 22 0.10 3.98 2 2 0 0
12 15 22.5 0.09 0.01 124 0.07 1.96 0.02
12 15 37.5 0.47 0.02 228 0.10 10.55 23.34
12 15 52.5 0.29 0.01 205 0.10 6.42 18.33
12 5 62.5 0 0 1.61 0.08 278 2290 66.47
13
13
13
10
10
10
5
15
135
0.30
0.27
0
0.02
0.02
0
4.47
4.00
14
14
10
10
5
25
0.36
0
0.02
0
5.36
5.36
15-1
15-1
15
15
7.5
22.5
0.49
0
0.02
0
10.98
10.98
15-2
15-2
15
15
7.5
22.5
0.74
0
0.03
0
16.74
16.74
15-3
15-3
15
15
7.5
22.5
0.52
0.11
0.02
0.01
296
1.30
0.12
0.07
11.66
243
49.39
1 210
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R adioisotope D ata 148
Sample
Thickness
Sample
Midpoint "Cs Activity
Total "Pb 
Activity
“Ha Activity 
(only fory 
measures)
”Cs
Inventory
Unsupp. ”Pb 
Inventory
Total "Cs 
Inventory
Total Unsupp. 
*”Pb Invent
Site (cm) (cm) (dpm/g) error (dpm/g) error (dpm/g) error (dpm/cm1) (dpm/cm2) (dpm/cm1) (dpm/cm2)
15-3 15 37.5 0 0 0.89 0.06 3.04
15-3 15 52.5 0.76 0.06
15-3 15 67.5 0.91 0.06 3.38 14.09 67.91
15-4 15 7.5 0.74 0.03 16.60
15-4 15 22.5 0 0 16.60
15-5 18 9 0.10 0.01 2.68
15-5 12 24 0 0
15-5 15 37.5 0 0 2.68
15-6 15 7.5 0.39 0.02 8.81
15-6 15 22.5 0.07 0.01 1.60
15-6 15 37.5 0 0 10.41
15-7 15 7.5 0.61 0.03 13.67
15-7 15 22.5 0 0
15-7 15 37.5 0 0 13.67
16 10 5 0.65 0.03 9.72
16 10 15 0 0 9.72
17 15 7.5 0.56 0.02 12.64
17 15 22.5 0.64 0.03 14.30
17 15 37.5 0 0 26.93
18 15 7.5 0.37 0.02 8.28
18 15 22.5 0.22 0.02 4.93
18 15 37.5 0 0 13.20
19 15 7.5 0.70 0.03 15.71
19 15 22.5 0 0 15.71
20 15 7.5 0.68 0.03 15.30
20 15 22.5 0.05 0.01 1.19
20 15 37.5 0 0 16.50
21-1 15 7.5 0.54 0.03 12.10
21-1 15 22.5 0 0 12.10
21-2 15 7.5 0.48 0.02 10.73
21-2 15 22.5 0 0 10.73
22 15 7.5 0.61 0.02 13.73
22 15 22.5 0.07 0.01 1.47
22 15 37.5 0 0 15.21
23-1 5 2.5 0 0
23-1 5 17.5 0.16 0.01 1.19
23-1 5 37.5 0 0 1.19
23-2 15 7.5 0.45 0.02 2.74 0.12 10.16 27.97
23-2 15 22.5 0.17 0.01 2.17 0.10 3.71 15.13
23-2 15 37.5 0 0 2 £ 6  0.11 17.12
23-2 15 52-5 2.59 0.10 24.48 13.87 84.69
24 10 5 0.71 0.02 10.67
24 10 15 0 0
24 15 27.5 0 0 10.67
25 10 5 0.55 0.03 8.19
25 8 14 0.34 0.02 4.08
25 17 26.5 0 0 12.27
26 12 6 0.71 0.03 12.74
26 11 17.5 0 0
26 13 29.5 0 0 12.74
27 10 5 0.53 0.02 2.53 0.10 7.92 17.17
27 10 15 0.23 0.02 1.84 0.09 3.39 6.80
27 10 25 0.15 0.01 1.39 0.07 2.21
27 10 35 0 0 1.46 0.08 1.03 13.51 25.00
28 11 5.5 0.92 0.03 4.28 0.16 15.24 48.39
28 9 15.5 0.69 0.02 3.25 0.12 9.38 25.64
28 15 27.5 0 0 2.16 0.09 18.23
28 15 42.5 0.24 0.01 1.79 0.10 5.32 10.01
28 5 62.5 0.00 0.00 1.35 0.07 29.94 102.27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
R adioisotope D ata 149
Sample Sample Total ”Pb ”*Ra Activity ®Cs Unsupp. ”"Pb Total '■'Cs Total Unsupp.
Thickness Midpoint Mcuvuy Activity (only for y measures) Inventory Inventory Inventory mPb Invent
Site (cm) (cm) (dpm/g) error (dpm/g) error (dpm/g) error (dpm/cm1) (dpm/cm1) (dpm/cm1) (dpm/cm1)
29 5 2.5 0.50 0.02 3.78
29 5 7.5 0.53 0.02 3.97
29 5 12.5 0.68 0.03 5.12
29 5 17.5 0.00 0.00
29 5 22.5 0.00 0.00 1287
30 10 60 0.33 0.02 5.00
30 10 125 0.00 0.00
31 5 2.5 1.05 0.04 7.85
31 5 7.5 1.11 0.03 8.30
31 5 12.5 1.04 0.02 7.78
31 5 17.5 2.00 0.05 15.01
31 5 22.5 0.55 0.02 4.15
31 5 27.5 0.18 0.01 1.36
31 5 32.5 0.27 0.01 203
31 5 37.5 0.42 0.02 3.17
31 3 41.5 0.67 0.03 3.00 5265
32 5 2.5 0.85 0.03 4.75 0.17 6.36 26.51
32 5 7.5 0.70 0.03 4.48 0.17 5.26 24.54
32 5 12.5 0.79 0.03 3.07 0.12 5.89 13.94
32 5 17.5 0.53 0.03 223 0.10 3.98 7.64
32 5 22.5 0.00 0.00 1.21 0.07 0.02
32 5 27.5 1.47 0.08 1.96
32 5 32.5 1.37 0.08 1.22 21.48 75.83
33*1 5 2.5 0.88 0.04 6.35 0.21 6.60 3205
33-1 5 7.5 0.79 0.03 6.50 0.23 5.95 33.12
33-1 5 12.5 0.90 0.03 5.56 0.19 6.77 26.06
33-1 5 17.5 0.81 0.03 4.78 0.17 6.09 20.22
33-1 5 22.5 0.23 0.02 3.26 0.13 1.70 8.88
33-1 5 27.5 0.00 0.00 239 0.10 233
33-1 5 32.5 0.00 0.00 228 0.10 1.53
33-1 5 37.5 208 0.09 0.04 27.10 124.24
33-2 5 2.5 0.80 0.04 6.00
33-2 5 7.5 0.70 0.02 5.26
33-2 5 12.5 0.52 0.02 3.90
33-2 5 17.5 0.21 0.01 1.60
33-2 5 22-5 0.09 0.01 0.70 17.46
34 10 147 0.10 0.01 1.56
34 10 167 0.31 0.02 4.64
35 10 5 1.20 0.04 18.02
35 10 15 0.41 0.02 6.18
35 10 25
35 10 35 0.00 0.00 24.20
36 20 10 0.21 0.01 6.21
36 20 30 0.00 0.00 6.21
37 10 5 0.46 0.03 3.85 0.15 6.92 21.71
37 10 15 0.28 0.02 4.00 0.15 4.18 23.93
37 10 25 0.00 0.00 248 0.11 1.24
37 10 35 254 0.11 214
37 13 46.5 240 0.10 0.00 11.11 49.03
38 10 5 0.40 0.02 5.95
38 10 15 0.24 0.02 3.59
38 10 25 0.00 0.00 9.53
39 5 25 0.00 0.00 1.46 0.07 0.03
39 5 7.5 0.00 0.00 1.68 0.08 1.62
39 10 15 0.00 0.00 1.73 0.08 4.00 5.64
40 5 2.5 0.11 0.01 0.82
40 5 7.5 0.14 0.01 1.02
40 5 12.5 0.00 0.00
40 5 17.5 0.06 0.01 0.48 233
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Radioisotope D ata 150
Sample Sample Total'"Pb “•Ra Activity ”Cs Unsupp. ”Pb Total '"Cs Total Unsupp.
Thickness Midpoint "03 ncuvrcy Activity (only lory measures) Inventory Inventory Inventory "°Pb Invent
Site (cm) (cm) (dpm/g) error (dpm/g) error (dpm/g) error (dpm/cm1) (dpm/cm1) (dpm/cm1) (dpm/cm1)
41 5 2.5 0.16 0.01 289 0.12 1.23 3.70
41 5 7.5 0.13 0.01 255 0.10 0.97 1.11
41 5 12.5 0.17 0.01 269 0.11 126 221
41 5 17.5 0.23 0.02 273 0.11 1.73 248 5.19 39.50
42 S 2.5 0.00 0.00
42 5 7.5 0.00 0.00
42 10 15 0.07 0.01 1.12
42 10 25 0.00 0.00 1.12
43 10 5 0.15 0.01 272 0.12 221 26.59
43 10 15 0.23 0.01 250 0.10 3.47 23.26
43 10 25 0.00 0.00 0.95 0.06 0.04 5.67 49.89
VC1 5 2.5 0.48 0.04 6.94 0.92 295 0.09 3.58
VC1 S 7.5 0.51 0.04 6.77 0.91 3.00 0.10 3.85
VC1 5 12.5 0.61 0.05 5.48 0.76 294 0.10 4.55
VC1 5 17.5 0.13 0.03 3.18 0.63 3.06 0.10 0.96
VC1 5 22.5 0.00 0.00 3.74 0.47 3.23 0.08
VC1 5 27.5 0.00 0.00 4.01 0.55 3.12 0.08
VC1 5 32.5 0.00 0.00 3.90 0.60 299 0.09
VC1 5 37.5 0.00 0.00 3.53 0.45 3.02 0.08
VC1 5 42.5
VC1 5 47.5
VC1 S 52.5 1295
VC1 5 7.5 (a data) -> 4.08 0.15 19.31
VC1 5 12.5 (a data) -» 296 0.12 10.92
VC1 5 17.5 (a data) -» 1.72 0.09 1.63
VC1 5 22.5 (a data) 1.65 0.09 1.14
VC1 5 27.5 (a data) -> 1.58 0.08 0.58
VC1 5 32.5 (a data) -* 1.52 0.08 0.18
VC1 5 37.5 (a data) -» 1.61 0.08 0.81
VC1 5 42.5 (a data) -* 1.66 0.08 1.19
VC1 5 47.5 (a data) -> 1.60 0.07 0.72
VC1 5 52.5 (a data) —> 1.50 0.08 99.26
VC2 5 2.5 1.19 0.06 8.20 0.65 3.71 0.08 8.89 33.69
VC2 S 7.5 1.40 0.05 8.10 0.74 3.85 0.12 10.52 31.87
VC2 5 12.5 1.73 0.06 7.93 0.89 3.81 0.09 1299 30.94
VC2 5 17.5 2.05 0.07 9.11 0.87 4.48 0.11 15.34 34.72
VC2 S 22.5 0.72 0.05 6.16 0.65 3.82 0.09 5.38 17.51
VC2 5 27.5 0.00 0.00 5.60 0.59 3.82 0.11 13.34
VC2 5 32.5 0.27 0.03 5.41 0.45 3.65 0.12 2 0 2 13.16
VC2 S 37.5 0.38 0.06 5.53 0.51 3.67 0.10 286 14.01
VC2 5 42.5 0.19 0.04 4.55 0.54 3.32 0.11 1.44 9.21
VC2 5 47.5 0.00 0.00 3.49 0.57 3.25 0.14 1.75
VC2 5 52.5 0.00 0.00 4.40 0.63 3.14 0.14 9.47 59.45 209.67
VC3 5 2.5 0.83 0.05 8.37 0.65 4.32 0.12 6.22 30.40
VC3 5 7.5 0.72 0.05 7.59 0.92 4.29 0.10 5.40 24.79
VC3 S 12.5 0.73 0.04 6.83 0.99 4.28 0.11 5.49 19.12
VC3 5 17.5 0.63 0.04 5.85 0.79 4.26 0.11 4.75 11.91
VC3 5 22.5 0.92 0.06 6.60 0.82 4.70 0.09 6.88 14.23
VC3 S 27.5 0.60 0.04 5.53 0.81 4.27 0.09 4.53 9.46
VC3 5 32.5 0.13 0.03 4.42 0.66 3.63 0.09 1.00 5.92 34.29 115.83
VC4 5 2.5 0.37 0.02 280
VC4 5 7.5 0.13 0.01 0.95
VC4 5 12.5 0.05 0.02 0.38
VC4 5 17.5 0.00 0.00 0.00
VC4 5 22.5 0.00 0.00 0.00 4.13
VC5 5 2.5 0.00 0.00 3.07 0.41 287 0.07 1.51
VC5 5 17.5 0.22 0.03 5.30 0.53 3.25 0.08 1.65 15.40
VC5 5 37.5 0.19 0.02 3.14 0.47 290 0.07 1.42 1.81
VC5 5 42.5 0.08 0.02 3.12 0.31 270 0.06 0.59 3.19
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Radioisotope D ata 151
Sample Sample Total-Pt> “Re Activity ®Cs Unsupp. "Pb Total ”Cs Total Unsupp.
Thickness Midpoint —U5«covny Activity (only for y measures) Inventory
Inventory Inventory ""Pb Invent.
Site (cm) (cm) (dpm/g) error (dpm/g) error (dpm/g) error (dpm/cm1) (dpm/cm1) (dpm/cm1) (dpm/cm1)
VC5 5 47.5 0.10 0.02 278 0.32 273 0.07 0.72 0.35
VC5 5 62.5 0.12 0.03 3.16 0.36 293 0.07 0.89 1.75
VC5 5 57.5 0.25 0.03 267 0.42 274 0.06 1.84 0.94
VC5 5 77.5 0.07 0.01 285 0.39 273 0.06 0.50 0.86
VC5 5 97.5 0.00 0.00 273 0.33 260 0.05 0.91
VC5 5 1125 0.00 0.00 3.25 0.32 288 0.07 276 15.10 53.31
VC6 5 25 0.00 0.00 269 0.43 215 0.07 4.03
VC6 5 425 0.00 0.00 296 0.27 3.00 0.05
VC6 5 47.5 0.00 0.00 3.13 0.50 3.20 0.10
VCS 5 57.5 0.00 0.00 3.37 0.45 3.24 0.09 0.93
VC6 5 67.5 0.00 0.00 5.13 0.72 4.12 0.10 7.57
VC6 5 77.5 0.00 0.00 4.03 0.40 3.97 0.10 0.44
VCS 5 97.5 0.30 0.03 3.55 0.50 3.47 0.09 227 0.61
VC6 5 1125 0.55 0.04 4.34 0.58 3.01 0.08 4.10 10.04
VC6 5 141.5 0.23 0.03 5.39 0.77 1.14 0.06 1.72 31.85 8.09 55.47
VC8 5 25 0.13 0.03 3.91 0.56 3.55 0.08 1.00 270
VCS 5 7.5 0.37 0.04 4.01 0.37 3.24 0.09 274 5.75
VC8 5 125 0.29 0.02 4.53 0.62 3.40 0.10 220 8.46
VC8 5 17.5 0.26 0.03 3.88 0.55 3.25 0.08 1.96 4.75
VC8 5 225 0.62 0.03 5.40 0.66 298 0.08 4.64 18.17
VC8 5 27.5 0.80 0.04 5.08 0.66 3.03 0.10 6.00 15.41
VC8 5 325 0.61 0.04 4.50 0.64 225 0.09 4.54 16.89
VC8 5 37.5 0.00 0.00 4.16 0.50 3.26 0.08 6.79 23.07 78.93
VC9 5 25 0.58 0.04 5.90 0.69 3.75 0.11 4.38 16.12
VC9 S 7.5 0.20 0.02 4.83 0.45 3.92 0.11 1.49 6.87
VC9 5 125 0.15 0.03 4.75 0.58 4.15 0.10 1.11 4.52
VC9 5 17.5 0.13 0.02 5.50 0.83 4.18 0.10 0.99 9.87
VC9 S 225 0.09 0.03 5.09 0.72 4.39 0.11 0.70 5.23
VC9 5 27.5 0.00 0.00 4.55 0.61 4.32 0.10 1.74 8.68 44.35
VC11 5 25 0.00 0.00 4.41 0.44 4.63 0.07
VC11 5 7.5 0.00 0.00 4.54 0.52 4.54 0.10
VC11 5 125 0.00 0.00 3.86 0.44 4.47 0.08 0.00 0.00
VC1Z 5 25 0.90 0.03 6.17 0.43 4.56 0.09 6.73 12.07
VC12 S 7.5 0.36 0.05 5.16 0.68 4.46 0.12 270 5.20
VC12 5 125 0.00 0.00 3.69 0.51 4.10 0.16
VC12 5 17.5 0.00 0.00 295 0.56 3.45 0.15 9.43 17.27
VC13 S 25 1.48 0.07 6.22 0.80 3.95 0.15 11.12 16.97
VC13 5 7.5 0.78 0.03 5.35 0.63 4.04 0.08 5.83 9.84
VC13 S 125 0.00 0.00 4.42 0.59 4.64 0.10
VC13 5 17.5 0.00 0.00 4.40 0.64 4.87 0.12 16.95 26.80
VC14 S 25 0.32 0.02 5.22 0.71 3.96 0.07 241 9.50
VC14 S 7.5 0.33 0.04 5.21 0.66 3.97 0.11 246 9.35
VC14 5 125 0.40 0.04 4.97 0.42 3.91 0.09 297 7.96
VC14 5 17.5 0.35 0.05 5.37 0.68 3.94 0.10 260 10.68
VC14 5 225 0.11 0.02 4.46 0.56 4.13 0.10 0.80 251
VC14 5 27.5 0.00 0.00 4.89 0.74 4.06 0.11 6.28 11.24 46.27
VC1S 5 25 0.32 0.04 6.10 0.85 3.95 0.15 239 16.15
VC15 5 7.5 0.36 0.04 6.64 0.71 4.28 0.11 273 17.73
VC15 S 125 0.34 0.04 5.82 0.68 4.08 0.09 253 13.08
VC15 5 17.5 0.33 0.03 5.62 0.76 3.95 0.09 250 1248
VC15 5 225 0.31 0.04 5.19 0.58 4.10 0.09 234 8.21
VC15 5 27.5 0.31 0.04 4.77 0.62 3.82 0.09 229 7.19
VC15 5 325 0.35 0.04 4.12 0.42 3.90 0.09 266 1.60
VC15 5 37.5 0.26 0.03 4.08 0.57 3.71 0.08 1.97 274
VC15 5 425 0.15 0.03 4.07 0.55 3.88 0.11 1.15 1.43
VC15 5 47.5 0.20 0.03 3.95 0.49 3.48 0.07 1.52 3.56
VC15 5 57.5 0.30 0.03 3.51 0.51 3.40 0.09 227 0.82
VC15 5 67.5 0.22 0.03 3.60 0.48 3.48 0.08 1.65 0.93
VC15 5 77.5 0.00 0.00 3.32 0.53 3.02 0.18 224 26.00 88.15
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R adioisotope D ata
Sample Sample Total ”Pb “Ra Activity ®Cs Unsupp. 1"Pb Total '"Cs Total Unsupp.
Thickness Midpaint -w  Mcoviiy Activity (only far y measures) Inventory Inventory Inventory ”°Pb Invent
Site (cm) (cm) (dpm/g) error (dpm/g) error (dpm/g) error (dpm/cm1) (dpm/cm1) (dpm/cm1) (dpm/cm1)
VC16 5 2.5 0.10 0.02 4.19 0.57 3.90 0.08 0.79 215
VC16 5 7.5 0.00 0.00 4.33 0.40 4.02 0.09 234
VC16 5 12.5 0.00 0.00 4.09 0.55 3.98 0.07 0.84
VC16 5 17.5 0.00 0.00 3.92 0.53 3.95 0.09 0.79 5.33
VC17 5 2.5 0.15 0.01 4.79 0.44 297 0.06 1.10
VC17 5 7.5 0.15 0.03 4.67 0.44 3.04 0.08 1.15
VC17 5 12.5 0.00 0.00 3.78 0.34 273 0.06
VC17 5 175 0.00 0.00 3.52 0.30 284 0.06
VC17 S 22.5
VC17 5 27.5
VC17 5 32.5 226
VC17 5 2.5 (a data) -» 2.50 0.13 8.75
VC17 5 7.5 (adata)-> 2.72 0.12 10.32
VC17 5 12.5 (a data) -> 2.12 0.10 5.85
VC17 5 17.5 (a data) -» 1.62 0.08 211
VC17 5 22.5 (a data) -» 1.62 0.09 207
VC17 5 27.5 (a data) -» 1.34 0.07
VC17 5 32.5 (a data) -> 1.36 0.08 0.18 38.86
VC18 S 2.5 0.00 0.00 2.82 0.41 3.37 0.08
VC18 5 17.5 0.00 0.00 2.92 0.44 3.35 0.07
VC19 5 25 0.34 0.03 3.91 0.33 290 0.08 256 7.53
VC19 5 7.5 0.15 0.03 3.74 0.31 3.05 0.07 1.12 5.16
VC19 5 12.5 0.00 0.00 3.35 0.38 3.57 0.07 3.69 1268
VC20 5 2.5 0.00 0.00 2.76 0.42 237 0.07 288
VC20 5 7.5 0.00 0.00 2.68 0.39 228 0.06 3.02
VC20 5 12.5 0.00 0.00 263 0.38 243 0.07 1.53 7.43
VC21 5 2.5 0.55 0.04 5.87 0.64 3.73 0.09 4.11 16.06
VC21 5 7.5 0.54 0.05 5.94 0.67 3.76 0.09 4.06 16.31
VC21 5 12.5 0.34 0.04 5.37 0.73 3.84 0.10 257 11.50
VC21 5 17.5 0.00 0.00 4.50 0.61 4.72 0.11 10.73 43.87
VC22 5 2.5 0.47 0.03 6.41 0.46 3.81 0.08 3.49 19.55
VC22 5 7.5 0.52 0.04 6.87 0.92 3.90 0.12 3.91 2225
VC22 5 12.5 0.71 0.05 5.66 0.81 3.94 0.10 5.33 1294
VC22 5 17.5 0.51 0.03 5.50 0.81 4.27 0.09 3.80 9.22
VC22 5 22.5 0.16 0.02 5.49 0.62 4.34 0.07 1.21 8.61
VC22 5 27.5 0.00 0.00 4.63 0.64 4.36 0.11 2 0 2
VC22 5 32.5 0.00 0.00 4.49 0.62 4.22 0.12 205 17.73 76.64
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11 Brahma, braldbelt distributary bank >125 49.3 0 22 2.77 2.93
Kal Brahma, braldbelt channel bank >152 62.1 0 15 3.64 3.88
12 young Brahma. levee 53 19.2 87.7 0 35 1.09 1.35 0.76
2-1 young Brahma. floodplain >88 0.0 90.9 0 15 2.00 123 0.79
2-2 young Brahma. floodplain >41 12.5 0 20 0.79 1.50
2-3 young Brahma. floodplain >41 0.0 0 18 0.79 0.69
2-4 young Brahma. floodplain >40 0.0 0 18 0.77 0.97
VC5 young Brahma. floodplain 78 11.7 106.6 0 25 1.73 127 0.93
4-1 young Brahma. floodplain 41 15.6 0 40 0.79 1.13
4-2 young Brahma. floodplain 38 6.2 0 37 0.72 0.79
4-3 young Brahma. bil edge 76 31.1 141.2 0 35 1.68 1.85 123
15-3 old Brahma. levee 23 6.8 91.9 1 34 0.32 028 0.48
15-5 old Brahma. splay deposit 9 0.0 1 8 0.00 0.00
15-1 old Brahma. floodplain 15 1.9 1 39 0.13 0.08
15-6 old Brahma. floodplain 23 2.2 1 22 0.32 0.09
15-2 old Brahma. near bil 15 6.5 1 56 0.13 027
15-4 old Brahma. bil edge 15 5.0 1 72 0.13 021
15-7 old Brahma. bil edge 15 3.8 1 55 0.13 0.16
Bpr old Brahma. floodplain 24 7.6 1 58 0.36 0.32
1 old Brahma. floodplain 21 4.2 28.2 1 58 02 8 0.17 0.06
16 old Brahma. floodplain 10 0.3 1 52 0.00 0.01
8 old Brahma. floodplain 13 0.0 26.9 1 52 0.08 0.00 0.02
14 old Brahma. floodplain 10 0.0 1 30 0.00 0.00
18 old Brahma. floodplain 23 6.2 1 30 0.32 026
19 old Brahma. floodplain 10 5.7 1 55 0.00 024
20 old Brahma. floodplain 23 9.0 1 39 0.32 0.37
22 old Brahma. floodplain 23 9.6 1 30 0.32 0.40
23-2 old Brahma. floodplain 23 4.8 43.1 1 46 0.32 020 0.14
24 old Brahma. floodplain 8 1.4 1 43 0.00 0.06
25 old Brahma. floodplain 14 4.3 1 33 0.10 0.18
26 old Brahma. floodplain 8 3.6 1 45 0.00 0.15
21-1 old Brahma. floodplain (low) 8 5.2 1 68 0.00 021
21-2 old Brahma. floodplain (high) 8 1.4 1 47 0.00 0.06
17 old Brahma bfl 28 27.3 1.5 32 0.45 0.82
28 old Brahma bit 43 17.7 95.3 1.5 58 0.83 0.56 0.55
VC8 old Brahma bil 33 27.2 157.9 1.5 25 0.58 0.74 0.71
VC9 old Brahma bil 23 0.0 37.5 1.5 59 0.32 0.00 0.05
33-2 Sylhet floodplain 23 7.0 1 57 0.32 029
33-1 Sylhet bil 23 11.6 86.9 1.5 76 0.32 0.35 0.54
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29 Sylhet floodplain 13 3.8 1 45 0.06 0.16
32 Sylhet floodplain 18 15.0 94.8 1 40 0.19 0.62 0.55
VC2 Sylhet bil 43 44.8 188.0 1.5 56 0.83 1.68 1.34
31 Sylhet bil >42 55.4 1.5 39 0.82 2.04
VC1 Sylhet bil 18 4.5 73.3 1.5 39 0.19 0.00 0.21
VC3 Sylhet bil 35 20.0 93.3 1.5 62 0.64 0.67 0.55
VC4 Sylhet bil 13 0.0 1.5 50 0.06 0.00
43 Meghna floodplain 15 0.0 47.5 1 32 0.13 0.00 0.07
38 old Ganges floodplain 15 0.1 1 44 0.13 0.00
36 old Ganges floodplain 10 0.0 1 41 0.00 0.00
37 old Ganges bn 15 1.1 33.6 1.5 73 0.13 0.00 0.07
35 old Ganges bn 15 8.8 1.5 84 0.13 0.25
VC12 old Ganges bfl 8 0.0 11.0 1.5 78 0.00 0.00 0.00
VC13 old Ganges bil 8 5.6 20.1 1.5 67 0.00 0.09 0.00
VC21 old Ganges bn 13 1.4 49.5 1.5 44 0.06 0.00 0.06
VC22 old Ganges bil 23 8.8 81.9 1.5 47 0.32 0.16 0.36
VC14 old Ganges bil 23 1.9 48.2 1.5 48 0.32 0.00 0.08
40 old Ganges bil >18 0.0 1.5 36 0.21 0.00
41 old Ganges bil >18 0.0 22.9 1.5 47 0.21 0.00 0.00
VC16 old Ganges delta plain 3 0.0 6.9 1 39 0.00 0.00 0.00
VC17 old Ganges delta plain 8 0.0 36.2 1 37 0.00 0.00 0.00
VC19 old Ganges delta plain 8 0.0 23.7 1 27 0.00 0.00 0.00
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Locality Latitude(°N)
Longitude
(°E) Lab No. Sample
Depth
(m)
Altitude
(m) "C yBP ± error caly PB local age range 2o cal age range Reference
Dlgha, IN 21° 37.0' 87° 32.0' BS-1236 ioram. clay 11.8 -9.8 9,150 ±400 10042 9660 -10795 9376 -11077 Hait et at., 1996
Dlgha, IN 21° 37.0' 87° 32.0' PRL-1777 estu. clay 24.5 •22.5 22,360 ±385 — — — — — Hait et a)., 1996
Bakkhali, IN 21° 37.0' 88° 18.0' BS-1159 mang. wood 8.4 -6.4 4,710 ±120 5357 5303 5589 5047 5659 Hait et at., 1996
Bakkhali, IN 21° 37.0’ 88° 18.0' BS-1191 estu. clay 41.0 -39.0 6,165 ±190 7138 6794 7227 6570 7393 Hait et al., 1996
Namknana, IN 21° 45.0' 88° 15.0' GrN-7137 kankar 1.8 2.3 3,170 ±70 3373 3278 3464 3214 3549 Gupta, 1981
Haldia, IN 22° 03.0' 87° 59.0' BS-1179 estu. clay 30.0 -28.0 7,800 ±410 8522 8135 9203 7756 9528 Hait et al., 1996
Canning, IN 22° 10.0' 88° 38.0' BS-1160 mang. wood 31.7 -29.7 6,250 ±140 7172 6954 7264 6791 7390 Hait et al., 1996
Diamond Harbor, IN 22° 13.0' 88° 10.0' PRL-1779 estu. clay 28.0 •26.0 14,460 ±335 17325 16932 17706 16517 18074 Hait et al., 1996
Pakhirayala, IN 22° 14.0' 88° 47.0' BS-1156 mang. wood 22.3 -20.3 7,530 ±180 8325 8124 8420 7935 8640 Haitetal., 1996
Pakhirayala, IN 22° 14.0' 88° 47.0' BS-1190 estu. day 49.8 -47.8 8,800 ±135 9857 9539 9954 9485 10030 Hait et al., 1996
Kolaghat, IN 22° 24.0' 87° 54.0' BS-520 wood 5.3 •0.3 6,480 ±110 7339 7229 7470 7099 7541 Banerjee and Sen, 1988
Kolaghat, IN 22° 27.0’ 87° 55,0' PRL-1781 mang. peat 7.0 -2.0 6,900 ±70 7666 7623 7734 7549 7887 Hait et al., 1996
Kolaghat, IN 22° 24.0' 87° 54.0' BS-533 wood 6.0 -3.0 6,370 ±120 7233 7172 7384 7004 7510 Banerjee and Sen, 1988
Kolaghat, IN 22° 27.0' 87° 55.0' BS-1192 estu. clay 26.0 -21.0 31,750 ±2030 — — — — — Hait et al., 1996
Kolara, IN 22° 33.0' 88° 05.0' PRL-238 kankar 2.5 2.5 1,710 ±110 1590 1511 1721 1349 1871 Gupta, 1981
Kolara, IN 22° 33.0' 88° 05.0' GrN-7138 peat 3.5 1.5 4,990 ±40 5726 5657 5841 5643 5884 Gupta, 1981
Kolara, IN 22° 33.0' 88° 05.0' GrN-7136 wood 5.8 -0.8 5,715 ±40 6487 6448 6540 6411 6635 Gupta, 1981
Kolara, IN 22° 33.0’ 88° 05.0' PRL-238 kankar 6.5 -1.5 6,840 ±260 7628 7398 7906 7213 8128 Gupta, 1981
Dankuni, IN 22° 45.0' 88° 01.0' BS-1158 mang. peat 7.6 -2.6 6,030 ±140 6878 6729 7143 6529 7210 Hait et al., 1996
Janai Road, IN 22° 45.0' 88° 09.0' BS-524 peat 4.5 1.5 4,080 ±110 4535 4416 4821 4263 4857 Banerjee and Sen, 1988
Sankrail, India 22° 36.0' 88° 15.0' TF-850 peat 2.8 2.3 2,615 ±100 2749 2556 2785 2360 2921 Vishnu Mittre and Gupta, 1972
Sankrail, India 22° 36.0' 88° 15.0' TF-853 wood 3.0 2.0 4,925 ±100 5649 5587 5744 5338 5906 Vishnu Mittre and Gupta, 1972
Sankrail, India 22° 36.0' 88° 15.0' TF-851 peat 3.3 1.7 4,075 ±100 4533 4417 4817 4282 4839 Vishnu Mittre and Gupta, 1972
Sankrail, India 22° 36.0' 88° 15.0' TF-855 peat 3.0 2.0 4,720 ±135 5349 5301 5596 4996 5728 Vishnu Mittre and Gupta, 1972
Sankrail, India 22° 36.0’ 88° 15.0' TF-857 wood 4.9 0.1 5,440 ±115 6224 6102 6312 5939 6448 Vishnu Mittre and Gupta, 1972
Sankrail, India 22° 36.0' 88° 15.0' TF-856 kankar 6.3 -1.3 5,810 ±120 6647 6467 6751 6316 6888 Vishnu Mittre and Gupta, 1972
Barrackpore, India 22° 48.0' 88° 22.0’ BS-531 peat 6.1 -0.1 3,030 ±100 3214 3070 3355 2892 3461 Banerjee and Sen, 1988
Calcutta, India 22° 34.0' 88° 24.0' BS-544 peat 6.0 0.0 3,470 ±110 3697 3585 3863 3465 4063 Banerjee and Sen, 1988
Calcutta, India 22° 34.0' 88° 24.0' BS-545 wood 8.0 -2.0 6,210 ±130 7115 6900 7220 6781 7380 Banerjee and Sen, 1988
Calcutta, India 22° 34.0' 88° 24.0' BS-521 peat 12.1 -6.1 6,650 ±120 7495 7390 7561 7276 7661 Banerjee and Sen, 1988
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Locality Latitude(°N)
Longitude
("E) Lab No. Sample
Depth Altitude 
(m) (m) "C yBP ± error caly PB local age range 2o cal age range Reference
Calcutta, India 22° 34.0' 88" 24.0' — peat 6.5 -0.5 2,640 ±150 2754 2496 2866 2345 3075 Barui et al., 1986
Calcutta, India 22“ 34.0“ 88" 24.0' — wood 8.8 -2.8 6,170 ±140 7079 6878 7210 6728 7371 Barui et al., 1986
Calcutta, India 22“ 34.0' 88“ 24.0' — wood 10.0 -4.0 6,360 ±120 7228 7099 7382 7000 7470 Barui eta!., 1986
Calcutta, India 22“ 34.0' 88“ 24.0' — peat 11.2 -5.2 6,390 ±130 7262 7179 7387 7013 7516 Barui etal., 1986
Calcutta, India 22“ 34.0’ 88“ 24.0' — peat 12.6 -6.0 7,030 ±150 7865 7654 7941 7543 8120 Barui etal., 1986
Bagerhat, India 22“ 24.0' 88“ 25.0' T-730 wood 5.5 -1.5 5,080 ±110 5807 5714 5932 5596 6166 Chanda and Mukherjee, 1969
Dum Dum, India 22“ 40.0' 88" 25.0' TF-443 wood 6.5 -1.5 6,175 ±125 7081 6888 7206 6745 7322 Agrawal and Kusugar, 1967
Salt Lake, India 22° 35.0’ 88“ 30.0' T-729 wood 8.5 -2.5 4,930 ±120 5651 5583 5855 5330 5924 Chanda and Mukherjee, 1969
Oaulatpur, Khulna 22° 56.0' 89" 27.0' GaK-12952 peat 5.0 -3.0 3,230 ±110 3460 3350 3569 3176 3693 Umitsu, 1987
Oaulatpur, Khulna 22“ 56.0' 89" 27.0' GaK-12953 wood 13.0 -11.0 6,880 ±130 7653 7548 7797 7472 7923 Umitsu, 1987
Oaulatpur, Khulna 22“ 58.0' 89“ 27.0' NUTA-342 wood 16.0 -14.0 6,490 ±100 7382 7263 7427 7202 7530 Umitsu, 1987
Daulatpur, Khulna 22" 56.0' 89“ 27.0' NUTA-1342 shell 20.0 -18.0 7,060 ±120 7857 7703 7941 7617 8101 Umitsu, 1987
Daulatpur, Khulna 22“ 56.0' 89" 27.0' NUTA-343 wood 27.0 -25.0 7,460 ±100 8238 8127 8339 7995 8409 Umitsu, 1987
Daulatpur, Khulna 22" 56.0' 89" 27.0' GaK-12954 wood 30.0 -28.0 10,190 ±210 11939 11084 12311 10976 12558 Umitsu, 1987
Daulatpur, Khulna 22” 56.0' 89" 27.0' NUTA-344 plant frag 34.0 -32.0 8,890 ±150 9906 9656 9993 9497 10273 Umitsu, 1987
Daulatpur, Khulna 22" 56.0' 89" 27.0' NUTA-1345 shell 35.0 -32.0 8,910 ±150 9917 9672 10010 9523 10277 Umitsu, 1987
Daulatpur, Khulna 22“ 56.0' 89" 27.0' NUTA-381 plant frag 43.0 -41.0 12,010 ±210 14004 13735 14296 13488 14624 Umitsu, 1987
Daulatpur, Khulna 22° 56.0’ 89" 27.0' NUTA-345 plant frag 48.0 -46.0 12,320 ±240 14398 14068 14770 13764 15165 Umitsu, 1987
Dakatia, Khulna (VC11) Beta-122146 peat 4.3 -2.3 4,770 ±70 5525 5333 5592 5316 5646 this study
Gopalganj/Khulna — — — peat 0.8 1.2 800 — 697 674 714 670 720 FAO (Brammer), 1971
Bagerhat (BH-1) 22" 38.8' 89" 47.4' OS-16354 plant frag 35.0 -33.0 6,940 ±35 7703 7667 7751 7644 7869 this study
Bagerhat (BH-1) 22" 38,8' 89“ 47.4' OS-17069 wood 56.4 -54.4 8,250 ±40 9219 9050 9361 8997 9375 this study
Barisal (BH-2) 22“ 45.3' 90" 18.6' OS-16353 wood 32.0 -30.0 7,620 ±60 8374 8337 8414 8214 8490 this study
Sirajganj 24“ 22.4' 89" 50.1' GaK-5158 wood 112.0 -101.0 28,320 — — — — — — Umitsu, 1985
near Pirojpur, VC16 22" 33.0' 90" 03.0' — organics 1.1 0.9 910 ±60 788 732 918 675 937 FAO (Brammer), 1971
Rajapur (VC16) Beta-122144 peat 3.2 -1.2 2,120 ±70 2086 1990 2149 1896 2319 this study
near Agailhara (VC19) 22“ 51.0' 90“ 03.0' — peat 0.8 1.2 1,035 ±40 938 926 964 910 1051 FAO (Brammer), 1971
near Burghata 23" 06.0' 90" 14.0' — topsoil 0.8 1.2 1,790 ±85 1706 1572 1818 1522 1885 FAO (Brammer), 1971
E of Goumadl 22° 56.0' 90" 19.0' — organics 1.0 1.0 3,080 ±45 3291 3215 3353 3160 3375 FAO (Brammer), 1971
Bandar, S of Dhaka 23“ 38.0' 90" 30.0' — organics 0.6 1.4 1,430 — 1309 1302 1317 1298 1329 FAO (Brammer), 1971
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Locality Latitude(°N)
Longitude
(°E) Lab No. Sample
Depth
(m)
Altitude
(m) "C yBP ± error caly PB local age range 2o cal age range Reference
Bandar, S of Dhaka 23° 38.0’ 90° 30.0' — organics 3.3 -1.3 5,280 — 6079 5992 • 6164 5957 - 6166 FAO (Brammer), 1971
Bandar, S of Dhaka 23° 38.0' 90° 30.0' — organics 3.7 •1.7 6,540 — 7391 7388 • 7393 7386 - 7395 FAO (Brammer), 1971
Nandikhila (VC02) Beta-122145 basal peat 5.6 -2.6 3,810 ±60 4207 4090 - 4279 3987 - 4408 this study
Ajmiriganj (BH-8) 24° 32.9' 91° 13.5' CAMS-38057 plant frag 22.9 •19.9 5,740 ±50 6506 6466 - 6632 6413-6671 this study
AjmlrlganJ (BH-8) 24° 32.9' 91° 13.5' CAMS-38058 plant frag 39.6 •36.6 6,320 ±70 7212 7172 - 7264 7026 - 7377 this study
Ajmiriganj (BH-8) 24° 32.9' 91° 13.5' CAMS-30733 wood 58.0 •55.0 9,390 ±60 10367 10299 -10471 10169 -10790 this study
Sunamganj (BH-9) 24° 56.4' 91° 24.2' OS-16749 wood 22.9 •19.9 5,480 ±40 6289 6215 - 6301 6195 - 6387 this study
Sunamganj (BH-9) 24° 56.4' 91° 24.2' OS-16752 plant frag 38.1 -35.1 5,560 ±90 6378 6286 • 6417 6186 -6519 this study
Sunamganj (BH-9) 24° 56.4' 91° 24.2' OS-16751 wood 73.2 -70.3 9,150 ±100 10042 9995 -10284 9941 -10359 this study
Asuganj (BH-10) 24° 02.5' 91° 03.0’ OS-16750 wood 30.5 •28.0 6,660 ±110 7493 7393 - 7561 7290 • 7655 this study
Kanailghat, Sylhet 24° 58.0' 92° 12.0' GaK-11955 peat 8.6 -0.6 4,180 ±120 4719 4527 - 4856 4409 • 4987 Umitsu, 1985
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Borehole Grain-Size Data
B ageittat (GH-1) Barisal (BH-2)
Depth 
(ft> (m)
5 1.5
10 3.0
15 4.6
20 6.1
25 7.6
30 9.1
35 10.7
40 122
45 13.7
50 15.2
55 16.8
60 183
65 19.8
70 213
75 22.9
80 24.4
85 253
90 27.4
95 29.0
100 303
105 32.0
110 333
115 35.1
120 36.6
125 38.1
130 39.6
135 413
140 42.7
145 443
150 45.7
155 473
160 48.8
165 503
170 513
175 53.4
180 543
185 56.4
190 573
195 59.5
200 61.0
205 623
210 64.0
215 653
220 67.1
225 68.6
230 70.1
235 71.6
240 733
245 74.7
250 763
255 77.7
260 793
265 80.8
270 823
275 833
280 85.4
285 863
290 88.4
295 893
Total
sand
(%«*>
Mud fraction 
sift day 
(%wt) (%wt)
0 3 71.6 283
0.4 68 3 303
173 6 1 3 21.6
23.5 61 3 143
5 6 3 2 8 3 143
57.3 2 0 3 213
4 5 3 39.6 15.1
5 0 3 3 2 3 173
54.7 2 9 3 153
55.6 29.1 153
59.4 2 4 3 15.7
61.7 24.0 143
6 4 3 163 19.0
6 8 3 19.4 11.7
6 8 3 17.7 133
76.4 123 103
74.6 14.6 103
66.0 22.4 113
68.4 21 3 10.1
61.0 24 3 14.6
67.7 22 3 9.8
6 7 3 19.1 13.1
63.1 22 3 14.6
56.7 263 16.4
63.6 163 19.6
4 9 3 283 213
163 50.4 33.4
31.6 44.8 233
17.5 49.1 33.4
2 3 3 48.1 28.6
0.0 663 333
0.0 6 73 32.7
8.0 63 3 282
103 55-1 34.6
153 54.0 30.8
193 512 29.0
2 0 3 44.4 34.7
173 49.1 33.7
7 5 3 13.4 113
8 0 3 9.1 10.6
7 9 3 9.3 113
81.6 11.0 7.4
8 2 3 9.9 72
79.6 9.7 103
8 1 3 9 3 9 2
78.7 103 103
8 0 3 113 8 3
8 1 3 12.4 5.9
7 9 3 142 6 6
7 9 3 143 6 3
Sand fractions 
1-2 pM 2-4 phi 
(%wt) (%wt)
Total
sand
(%wt)
Mud Fraction 
sift day 
(%wt) (%wt)
0.0 2.0 2.0 61.4 36.6
0.0 0.4 0.4 583 40.6
0.0 0.0 0.0 6 3 2 36.7
0.0 0.3 0.3 63.3 36.4
0.0 0.0 0.0 39.9 60.1
0.0 0.7 0.7 51.4 4 7 3
0.0 1.7 1.7 593 38 3
0.0 1.5 13 70 2 28.1
0.0 3.4 3.4 663 29.8
0.0 1.9 1.9 66-8 3 1 2
0.0 2.0 2 0 753 2 2 3
0.0 7 2 7 2 73.9 183
0.0 63.9 633 243 112
0.0 84.6 84.6 9.6 5.8
0.0 84.3 842 10.9 4.8
0.0 62.0 6Z0 27.0 11.0
0.0 65.4 65.4 234 9 2
0.0 27.7 27.7 56.7 15.6
0.0 443 443 452 10.4
0.0 85.9 839 9.8 4.3
0.0 62.0 6Z0 27.0 11.0
0.0 8 5 3 85.9 9.6 4.6
0.0 82 2 8Z3 113 5.9
2 3 78.9 81.1 152 3.7
3 2 793 8Z8 103 6.3
17.0 55.6 7Z6 21.6 5 3
3 3 84.1 87.6 8.4 4.0
6.7 69.1 753 18.8 5.4
4.9 793 84.8 102 5.0
5.0 69.8 74.8 182 7.0
6.5 68.4 75.0 20.6 4.4
5.3 65.0 702 270 2 8
4.6 64.6 692 23.8 7.0
6.7 76.1 823 10.4 6.8
4.6 64.4 69.0 23.0 8.0
3.6 67.4 71.0 20.5 8.5
6.4 622 68.7 2Z0 9 2
5 2 6 5 3 703 2 0 3 8.5
2.9 65 2 68.1 26.6 5 2
3.5 773 81.4 142 4.4
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Borehole Grain-Size Data
Katapam(BH-3) P>bna(BH-4)
Depth 
(ft) (m)
5 1.5
to 3.0
15 4.6
20 6.1
25 7.6
30 9.1
35 10.7
40 12.2
45 117
50 15.2
55 161
60 18.3
65 191
70 2 11
75 22.9
80 24.4
85 2 51
90 27.4
95 29.0
100 301
105 32.0
110 3 31
115 35.1
120 36.6
125 38.1
130 39.6
135 4 11
140 42.7
145 441
150 45.7
155 47.3
160 48.8
165 501
170 511
175 53.4
180 541
185 56.4
190 5 71
195 591
200 61.0
205 621
210 64.0
215 6 51
220 67.1
225 68.6
230 70.1
235 71.6
240 7 31
245 74.7
250 761
255 77.7
260 791
265 801
270 82.3
275 8 16
280 85.4
285 8 1 9
290 88.4
Total
sand
(%wt)
Mud fraction 
s it day 
(%wt) (%wt)
0.0 39.4 601
9.1 4 91 41.0
751 11 214
59.0 2 11 19.7
621 112 21.4
101 6 11 27.7
318 4 61 141
3 41 471 181
67.1 19.4 131
65.7 2 13 110
318 3 71 251
551 2 41 19.9
21.8 51.4 218
47.6 39.7 117
2 11 57.4 211
116 5 11 291
3 51 3 81 251
341 4 11 24.6
516 31.0 114
47.7 34.6 17.7
651 2 1 1 112
511 218 15.1
2 81 5 11 20.5
27.7 511 21.0
217 5 14 141
2 51 511 21.1
31.6 50.7 17.8
291 50.4 201
216 5 31 171
2 01 56.0 23.8
23.7 5 10 213
34.7 417 18.6
210 631 114
151 71.3 112
54.1 3 10 9.9
551 371 7.6
55.1 3 41 10.0
541 312 9.4
514 37.7 9.9
501 316 110
541 3 17 11.8
65.4 215 11
65.4 215 11
611 291 8.6
65.7 27.1 71
613 2 61 9.7
618 211 10.1
6 51 2 12 71
Total 
sand 
<%«0
Mud fraction 
stt day 
(%wt) (%wt)
0 1 6 16 31.1
0.1 611 391
0 1 47.0 521
2 8 1 4 18 213
4 4 1 37.8 171
1 6 44.0 514
117 39.1 412
1 6 4 10 513
3.2 41.4 514
7.5 41.9 50.6
8.3 5 14 38.4
101 57.0 317
74.1 110 10.9
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Borehole Grain-Size Data
FUldpur (BH-5) M o n ta n a  (BH-6)
Sand fractions
1-2 phi 2-4 phi 
(%wt) (%wt)
Total
sand
(%w«
Mud fraction 
sflt day 
(%wt) <%wt)
a o 11.6 112 732 152
0.0 7 2 72 78.7 132
0.0 88.0 88.0 5 2 6 2
0.0 83 2 832 9.0 7.0
a o 82 2 822 9.6 8.0
a o 84.0 84.0 100 6.0
a o 83.0 83.0 9 2 7 2
a o 77.7 77.7 14.7 7.6
a o 82 2 822 107 7.1
a o 80.7 807 120 6.3
0.0 85.1 85.1 72 7.7
a o 87 2 872 6 2 5 2
a o 86.4 86.4 6.1 7 2
0.0 905 902 2 2 6.6
0.0 84.4 84.4 8 2 7.4
0.0 792 792 127 6 2
0.0 86.7 86.7 6.6 6.7
0.0 832 832 9.1 7.4
0.0 82.7 827 10.0 7 3
4.7 732 78.6 127 8.7
0.9 84.4 852 7.7 7.1
0.8 82 2 83.7 8 2 8.0
0.9 91 2 92.1 2 2 5.7
11.2 81 2 922 1.9 5 2
4.5 852 90.0 2 2 7.7
3.8 90.3 94.0 0.0 6.0
8.1 82.4 902 2.7 6.7
10.8 79.1 892 2.3 7 2
9.9 80.4 90.4 2.7 7.0
11.6 77.4 89.0 2.5 8.5
15.5 752 91.0 2 2 6.8
26.7 652 912 2.5 5.6
22 2 68.6 91.4 12 6.6
14.7 76.9 912 2 6 5.8
142 762 902 2 9 5 2
19.0 71.6 902 21 7.3
11.0 80.8 91.8 2 5 5.7
22.3 70.7 93.0 12 5.2
20.4 722 926 2 3 5.1
19.1 72.0 91.1 2 7 6.3
13.9 78 2 922 1.5 5.7
182 72.6 902 2 0 7 2
20.1 71 2 912 2 6 6 2
8.9 802 892 2 9 6 2
6.4 84.6 91.0 2 9 6 2
152 75.7 912 24 6.4
142 69.7 84.0 7.1 8.9
16.9 672 84.7 6.6 8.7
172 6 52 832 7.7 9.0
192 6 42 832 7.4 8.8
172 6 6 2 84.7 7.3 8.0
182 65.0 83.4 7.1 9 2
26 2 67.6 932 0 5 5.6
19.0 75 2 942 0 6 4.5
302 64.1 942 0 2 5 2
24 2 70.6 952 0 2 4.4
102 82.9 93.1 0 2 6.0
20.7 73.6 942 0 2 5 2
152 772 932 0.7 6.0
Sand fractions 
>1 phi 1-2 phi 2-4 phi 
(%wt) (%wt) (%wt)
Total
sand
(%«t)
Mud fraction 
sift day 
(%wt) (%wt)
a o a o 721 721 152 120
a o a o 872 8 7 2 5 2 6 9
a o 0.0 51.4 51.4 38.1 102
a o 0.0 862 8 6 2 122 1.5
0.0 5 2 78.1 84.0 112 4.1
0.0 40.7 512 9 25 6.6 0.9
a o 362 542 9 02 6 4 2 0
5.3 582 23.7 87.9 7.6 4.5
2 7 64.9 23.8 91.5 4.7 2 8
2 6 26.0 58.0 86.6 9.5 3.9
0.0 a o 4.9 4.9 361 58 2
0.0 0.0 192 19.3 65.0 15.8
0.0 a o 71.0 71.0 16.1 129
0.0 492 33.0 82 4 10.6 7.0
Osptfi
(ft) (m)
5 1.5
10 6 0
15 4.6
20 61
25 7.6
30 9.1
35 10.7
40 122
45 13.7
50 152
55 168
60 163
65 192
70 212
75 22 2
80 24.4
85 25.9
90 27.4
95 29.0
100 305
105 320
110 365
115 35.1
120 366
125 361
130 39.6
135 412
140 42.7
145 442
150 45.7
155 472
160 48.8
165 502
170 512
175 564
180 542
185 564
190 57.9
195 59.5
200 61.0
205 625
210 64.0
215 652
220 67.1
225 68.6
230 70.1
235 71.6
240 732
245 74.7
250 762
255 77.7
260 792
265 802
270 822
275 832
280 85.4
285 869
290 88.4
295 892
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Borehole Grain-Size Data 161
Hna(BH-7) Afmirigani (BH-8)
Sand fractions 
1*2 phi 2-4 phi 
(%wt) (%wt)
Total
sand
<%»*>
Mud fraction 
s l  day 
(%wt) (%wt)
a o 11.6 11.6 743 14.1
0.0 8.6 8.6 75.4 153
a o 92.7 92.7 73 0.0
0.0 81.4 81.4 15.1 3 3
a o 88.6 88.6 9 3 13
0.0 893 893 53 5.0
a o 9 a4 90.4 8.1 1.5
a o 893 893 53 4 3
a o 833 833 15.1 1.7
43.4 473 91.3 4.6 4.1
26-7 643 913 7 3 1.5
12.4 74.0 86.4 7.0 6.5
49.7 42.6 923 63 13
37.7 sa o 93.7 2.4 3 3
132 72.1 883 103 13
308 623 933 2.7 4.0
0.0 939 933 4 3 13
a o 87.4 87.4 &4 6 3
a o 933 933 53 1.3
a o 92.6 92.6 53 2.0
553 393 94.4 4.1 1.5
279 67.4 953 23 13
22.4 74.3 96.7 1.8 13
54.3 39.7 94.0 3.4 Z 6
0.0 92.0 92.0 6.5 1.5
a o 7.7 7.7 673 243
0.0 3.6 3.6 603 353
0.0 5.9 6.9 603 323
a o 5.7 5.7 683 25.6
0.0 732 703 233 0.0
0.0 81.3 81.3 16.6 2.2
0.0 86.4 86.4 iz i 1.5
0.0 88.7 88.7 9 3 1.4
0.0 94.6 94.6 3.9 1.5
a o 94.8 943 3.7 1.5
0.0 94.2 943 43 1.5
a o 943 943 4.4 1.4
0.0 94.6 94.6 3.9 13
3.8 913 95.0 35 13
a o 93.3 933 53 1.5
40.6 56.1 96.7 3.3 0.0
38.8 55.8 94.6 4.0 13
42.7 51.2 933 4.6 13
48.7 45.0 93.7 5.1 13
32.3 58.4 90.7 7.9 13
48.8 43.6 92.4 63 15
34.0 62.3 963 3.7 0.0
423 54.1 96.7 3.3 0.0
44.0 56.0 io a o 0.0 0.0
K>9 37.8 io a o 0.0 0.0
Sand tactions
1-2 phi 2-4 phi 
(%wt) (%wt)
Total
sand
(%wt)
Mud fraction 
stt day 
(%wt) (%wt)
0.0 1.9 1 3 813 163
0.0 a o a o 74.0 20.1
a o a s 5 3 763 17.4
a o 3 3 3 3 743 21.7
a o a 4 a 4 77.7 153
0.0 i a i 18.1 653 163
0.0 18.6 ia e 673 133
0.0 3.6 3 3 738 20.6
0.0 2 3 2.2 77.0 20.8
0.0 203 203 67.4 12.1
a o 3.7 3.7 77.4 18.9
0.0 3.3 3.3 702 20 3
a o 4.6 4.6 743 213
0.0 4.4 4.4 79.0 136
0.0 12.0 12.0 713 16.8
0.0 17.1 17.1 68.0 143
0.0 37.3 37 3 533 9.4
0.0 21.6 213 64.6 133
a o 113 113 69.7 105
0.0 243 24 3 613 133
0.0 32.7 32.7 509 8.4
0.0 21 3 21 3 603 123
0.0 69.0 69.0 253 5.9
0.0 513 513 44.0 4.7
0.0 7 3 7 3 76.6 133
0.0 42.7 42.7 48.4 8.9
0.0 8.7 8.7 753 153
0.0 183 183 65.3 15.9
0.0 31.4 31.4 58.5 10.1
0.0 293 29 3 60.1 10.7
0.0 16.9 16.9 73.6 9.5
0.0 49.0 49.0 42.7 8.3
0.0 443 443 405 9.3
0.0 37.4 37.4 50.8 11.8
0.0 10.1 10.1 69.7 203
0.0 13.0 130 633 23.7
0.0 5.5 a s 67.8 23 7
a o 9.0 9.0 65.5 25.5
0.0 2.5 2.5 68.1 29.4
0.0 7.1 7.1 663 23 0
0.0 54.6 54.6 42.4 3.0
0.0 69.0 69.0 30.1 0.9
0.0 36.6 36.6 59.4 4.0
0.0 51.0 51.0 45.1 3.9
0.0 2 43 24.9 69.6 5.5
a o 38.6 38.6 57.1 4.3
0.0 54.7 54.7 41.6 3.7
0.0 403 403 55.7 3.8
0.0 1.6 1.6 793 18.9
0.0 45.3 45.3 51.1 3.6
0.0 753 753 233 0.9
0.0 80.3 80.3 19.0 0.7
0.0 79.0 79.0 19.9 13
65.0 35.0 io a o 0.0 0.0
0.0 77.7 77.7 20.9 1.4
s a o 64.0 io a o 0.0 a o
57.0 43.0 io a o 0.0 0.0
a o 75.1 75.1 230 1.9
59 3 41.0 io a o 0.0 0.0
Dapth 
(ft) <m)
5 13
10 a o
15 4.6
20 31
25 7.6
30 9.1
35 137
40 123
45 137
50 153
55 138
60 133
65 193
70 2 1 3
75 2 2 3
80 24.4
85 2 53
90 27.4
95 29.0
100 303
105 32.0
110 333
115 331
120 336
125 38.1
130 39.6
135 413
140 42.7
145 443
150 45.7
155 47.3
160 48.8
165 50.3
170 51.8
175 534
180 54.9
185 534
190 57.9
195 593
200 61.0
205 623
210 64.0
215 653
220 67.1
225 68.6
230 70.1
235 71.6
240 733
245 74.7
250 763
255 77.7
260 79.3
265 809
270 823
275 839
280 85.4
285 839
290 834
295 89 9
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Borehole Grain-Size Data
Sunamganj (BH-9)
162
Asuganj (BH-10)
Depth
(ft) (m)
5 1 5
10 3.0
IS 4.6
20 6.1
25 7.6
30 9.1
35 10.7
40 122
45 13.7
50 152
55 16.8
60 182
65 192
70 2 1 2
75 22.9
80 24.4
85 2 5 2
90 27.4
95 29.0
100 3 0 2
105 32.0
110 3 3 2
115 35.1
120 36.6
125 38.1
130 39.6
135 4 1 2
140 42.7
145 44 2
150 45.7
I S 4 7 2
160 4 8 2
I S 50.3
170 5 1 2
175 53.4
180 54 2
I S 56.4
190 5 7 2
1 S 5 92
200 61.0
205 6 2 2
210 64.0
215 6 5 2
220 67.1
225 68.6
230 70.1
235 71.6
240 7 3 2
245 74.7
250 7 6 2
255 77.7
260 7 92
265 80.8
270 8 2 2
275 83.8
280 S . 4
285 6 6 2
Sand fractions 
1-2 phi 2-4 phi 
(%wt) (%wt)
Total
sand
<%wt)
Mud fraction 
sat day  
<%wt) (%wt)
0.0 2 2 2 5 7 2 0 2 5 2
0.0 1.6 1.6 70.1 2 8 2
0.0 2 8 2 2 6 6 2 3 0 2
0.0 0.0 0.0 4 2 2 5 7 2
0.0 0.0 0.0 3 2 0 S . 0
0.0 0.0 0.0 6 2 5 3 7 2
0.0 112 112 7 9 2 2 6
0.0 221 221 71.4 6.4
0.0 2 2 2 2 2 2 7 2 0 5.7
0.0 21.6 21.6 70.6 7 2
0.0 132 129 7 5 2 102
0.0 17.0 17.0 7 4 2 8.7
0.0 120 15.0 7 6 2 8.1
0.0 24.4 24.4 7 1 2 4.1
0.0 15.6 15.6 7 7 2 7.1
19.1 20.7 39 2 5 1 2 8 2
7.7 142 221 6 3 2 14.0
0.0 2 4 2 24 2 71.7 4.1
0.0 122 129 7 9 2 7.6
12.1 10.7 22 2 S .1 11.1
0.0 6.6 6.6 S . 4 2 7 2
0.0 7 2 7 2 64.7 221
0.0 6.3 6 2 3 7 2 5 5 2
0.0 2 7 2 7 4 5 2 5 1 2
0.0 0.0 0.0 14.6 S . 4
0.0 3.1 3.1 5 0 2 4 6 2
0.0 6 2 6 2 6 4 2 28.4
0.0 7.4 7.4 S . 7 2 8 2
0.0 0.0 0.0 8 2 91.1
0.0 0.0 0.0 51.7 4 2 3
0.0 11.6 11.6 57.7 30.7
0.0 2 0 2 0 51.6 46.4
0.0 10.1 10.1 61.1 2 8 2
0.0 6 2 6 2 6 2 2 3 0 2
0.0 2 4 3.4 S . 4 3 6 2
0.0 5.8 52 59.4 3 4 2
0.0 3 2 3.9 S .4 37.7
0.0 4.1 4.1 S .1 3 2 2
0.0 4.1 4.1 61 2 34.7
0.0 3 2 3.9 61.0 S . 0
0.0 5 2 5 2 S .1 S . 0
0.0 4.3 4.3 5 9 2 3 6 2
0.0 4 2 4 2 59.8 S . 0
2 9 2 54 2 84.4 15.4 0 2
17.4 61.7 79.0 19.4 1 2
2 3 2 S .0 782 192 2.0
3 5 2 3 1 2 67.0 2 7 2 5.1
24.1 56.3 802 16.1 3 2
40.0 4 4 2 842 126 2 2
40.4 40.7 81.0 16.7 2 2
3 4 2 4 4 2 78.4 17.7 3 2
4 0 2 40.1 80.6 152 4.1
Sand fractions 
>1 phi 1-2 phi 2-4 phi 
(%wt) (%wt) (%wt)
Total
sand
C*wt)
Mud fraction 
silt day 
(%wt) (%wt)
0.0 0.0 0.1 0.1 6 3 2 38.5
0.0 0.0 S .1 S .1 2 7 2 3.6
0.0 0.0 7 6 2 7 6 2 19.7 3 2
0.0 2 4 7 1 2 7 3 2 2 2 6 3 2
0 2 1.7 8 2 5 8 4 2 124 3.4
0.0 0.0 79.7 79.7 132 7.0
0.0 0.0 77.0 77.0 18.1 4 2
0.0 0.0 7 7 2 7 7 2 182 3.7
0.0 0.7 7 2 9 73.7 20.6 5.8
0.0 0.0 7 9 2 7 9 2 16.1 4.1
0.0 21 91.0 9 3 2 5.7 1.1
0.0 0.9 87.8 88.7 9 2 12
0.0 12 91.4 9 2 2 6 2 0.8
0.0 0.0 192 1 92 70.0 10.1
0.0 0.0 19.8 19.8 71 2 9.0
0.0 0.7 64.4 S . 0 S . 4 5.6
0.0 21 91.7 93.7 5 2 1.1
0.0 1 2 91.0 9 2 2 5 2 2.6
0.0 2.0 9 1 2 93.9 2 1 4.0
0.0 2 7 9 2 4 S .1 3.8 12
0.0 2 5 90.4 9 2 9 4.7 2 2
0.0 1.4 9 2 2 S . 7 5.0 12
1.4 S .1 26.0 9 2 2 3 2 3.7
12 5 24 4 2 8 S . 4 2 7 1.0
0 2 512 44.8 97.3 1.7 1.0
1.4 5 9 2 3 5 2 96.5 1 2 1.6
0.6 5 72 38.7 9 6 2 1.7 1.8
2 1 57.3 37.4 S . 8 2 3 1.0
1.9 51 2 37.9 91.1 5.0 4.0
0.0 3 2 8.3 11.8 54.7 33.6
0.0 0 2 3.1 3.6 6 7 2 28.6
0.0 46.4 49.1 9 5 2 3.6 0 2
3.0 48.8 43 2 9 5 2 4.1 0.8
0.0 2 2 48.3 51.0 3 4 2 14.0
0.0 0.0 61.6 61.6 26.1 12.3
0.0 7 2 S .0 6 6 2 24.1 9.7
0.0 1.3 S .0 64.3 25.1 10.6
0.0 0.0 64.9 64.9 24.7 10.4
0.0 7.9 S 2 64.1 24.7 112
0.0 6.3 60 2 6 6 2 24.9 8.6
0.0 20.3 S .4 S . 7 9 2 5.1
0.0 132 73.6 S . 8 8.0 5 2
0.0 22 8 70.1 9 2 2 4 2 2.6
0.0 23.6 74.6 9 8 2 1.0 0.8
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Borehole Elemental Analysis
(ft)
Depth
(m)
Bagerhat (BH-1)
N (%) C (%) S (%)
Kalapara (BH-3)
N (%) C (%) S (%)
Ajmiriganj (BH-8)
N (%) C (%) S (%)
10 3.0 0.047 0.333 0 0.046 0.487 0.143
20 6.1 0.043 0.32 0.044 0.025 0.178 0 0.052 0.468 0
30 9.1 0.041 0.366 0 0.035 0.411 0.143 0.045 0.496 0
40 12.2 0.038 0.326 0 0.027 0.258 0.051 0.061 0.636 0.162
50 15.2 0.047 0.345 0 0.027 0.217 0.096 0.037 0.493 0
60 18.3 0.028 0.305 0.001 0.000 0 0 0.048 0.453 0
70 21.3 0.008 0.077 0 0.015 0.084 0.144
80 24.4 0.029 0.344 0 0.019 0.133 0 0.059 0.601 0
90 27.4 0.022 0.187 0 0.000 0 0 0.054 0.459 0
100 30.5 0.006 0.044 0 0.024 0.194 0.018 0.045 0.485 0.035
110 33.5 0.048 0.969 0.055 0.024 0.183 0 0.03 0.355 0.174
120 36.6 0.014 0.11 0 0.034 0.259 0.072
130 39.6 0.014 0.099 0 0.024 0.153 0.065 0.036 0.395 0
140 42.7 0.012 0.092 0 0.021 0.13 0.045 0.038 0.564 0.075
150 45.7 0.009 0.08 0 0.037 0.269 0.146 0.029 0.284 0
160 48.8 0.007 0.044 0 0.026 0.232 0.099 0.031 0.338 0
170 51.8 0.016 0.117 0.144
180 54.9 0.012 0.086 0
190 57.9 0.017 0.108 0
200 61.0 0.014 0.086 0 0.05 0.517 0.102
210 64.0 0.014 0.117 0.108
220 67.1 0.012 0.064 0
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Vibracore Data Summary
Core Town Region SiteDescription Length General Stratigraphy Organics/ Shells
VC1 Karimganj Syihet Basin edge of bfl 303 cm muds with root casts, some silt layers few organics
VC2 NandSdla Syihet Basin edge of bil 580 cm muds with concretions, some silt layers
peat O 50 cm and 550 
cm, bamboo and 
leaves S 550 cm
VC3 Netrakona Syihet Basin edge of bil 500 cm
surface muds, 
underlying bedded silts 
and sands
few organics
VC4 Hossainpur Old Brahma / Syihet toward middle of bil 480 cm
surface muds, silts, 
sand, and blue-gray 
muds below
few organics. some 
degraded matter at 
depth
VC5 Sharisabari Brahmaputra braidbelt activebraidbelt 427 cm
interbedded muds 
and sands none or not described
VC6 Sharisabari Brahmaputra braidbelt activebraidbelt 142 cm
interbedded muds 
and sands
gastropod shell 0 120 
cm
VC7 Sharisabari Brahmaputra braidbelt activebraidbelt 482 cm
surface muds with 
lower interbedded 
muds and sands
few organics
VC8 Digpait Brahmaputra floodplain bil on old floodplain 443 cm
muds with obscure 
laminae, some 
concretions
few organics
VC9 Madhupur Brahmaputra floodplain bil on old floodplain 342 cm
surface muds with 
underlying silts and 
sands
few organics
VC10 Dakatia old Ganges delta large bil / basin 237 cm
surface muds, 
underlying sands, more 
muds below
wood, leaves, and 
organic layer 9 220 
cm
VC11 Dakatia old Ganges delta center of large bil/basin 441 cm
mostly peats with some 
organic-rich muds
common wood 
fragments, peats, and 
disseminated organics
VC12 Terokada old Ganges delta large bil / basin
533 cm 
(-45)
surface peats, 
underlying soft muds 
and sands
peats 9 0-80 cm, tree 
fragment 0110 cm, 
few organics below
VC13 Terokada old Ganges delta large bil / basin 500 cm
surface peats and 
muds, underlying stiff 
muds, and bedded 
muds and silts below
peats and organics to 
130 cm. few below
VC14 Mongla upper delta plain low lying delta plain 548 cm
firm gray muds to 3 m, 
bedded muds and silts 
below
some roots and 
organics to 3 m, few 
organics below
VC15 Mathbaria middle delta plain dry. open delta plain 479 cm
firm muds to 2.5 m, 
bedded muds and silts 
below
organics and root cast 
concretions to 2.5 m, 
few organics below
VC16 Rajapur upper delta plain wooded delta plain 508 cm
firm surface muds and 
peats to 3.5 m. wet silts 
and muds below
peat layers 0 1 1 0  cm. 
300-370 cm, scattered 
wood to 4 m
VC17 Amtali middle delta plain dry, open delta plain 553 cm
firm muds to 2.5 m, wet 
bedded muds and silts 
below
scattered organics 
to 3 m
VC18 Kalapara lower delta plain delta plain near river 533 cm
firm muds to 2.7 m, 
wet bedded muds 
and silts below
few organics
VC19 Agailhara old Ganges delta large bil / basin 400 cm
firm muds to 2.5 m. 
underlying wet bedded 
muds and silts
surface peat and 
some organics, few 
organic below
VC20 Goumadi old Ganges delta low lying delta plain 525 cm
firm muds and sands to 
1 m, bedded silts to 2 m, 
bedded sands below
few organics
VC21 Gopalganj old Ganges delta edge of large bil/basin 120 cm firm muds
peat horizon O 
100 cm
VC22 Gopalganj old Ganges delta edge of large bil/basin 231 cm
firm muds to 1.8 m, 
dean sands below
peat horizon O 
50 cm
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